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C UTTINC.  FROZEN  GROUND  WITH  DISC  SAWS 


by 

Malcolm  Melloi 


INTRODUCTION 

In  lecent  yeais  lai |*c  diameter  drag-Hn  disc  saws  have  been  developed  in  the  I  .S.  lor 
cutting  v  oik iele.  asphalt .  im/eii  soils,  and  the  weaker  nit  ks.  I  lies  have  lound  application 
m  precise  tutting  ot  utility  trenches  in  pavements  and  in  seasonally  Iro/en  ground,  and  in 
sawing  < *1  expansion  |om!s  in  vomiote  slabs  So  tar  they  have  not  won  general  acceptance, 
largely  because  o|  rapid  wear  on  the  cutting  teeth  in  the  harder  and  mine  abiastve  m.iteiials. 

In  the  Soviet  l  nioii  a  nunihei  ot  disc  saw  aitachnients  have  been  deveh  |>ed  to:  heavy 
ti.Ktois.  and  it  appeals  that  cutting  ot  Iro/en  ginund  has  been  a  pi  unary  motivation 
Mashokov  el  al  (l'»'?)and  V  edenev  et  al  ( l'>73)  desaihe  some  ol  the  mote  recent  devel¬ 
opments  lot  tio/en  ground.  One  model  consisted  ol  a  J.  J-m-diameler  saw  mounted  on  an 
I  It  04  ditch  digger .  n  had  a  depth  capability  ol  OH  m  (judged  to  be  too  little!  and  a 
working  late  ol  I  JO  to  H7.s  m  hr  (0.7  io  4.K  it  min)  in  Iro/en  soil  A  biggei  type  ol 
machine  was  developed  by  attaching  din  chain  saws  to  I  TR  14 1  and  I  IK-lb!  dilcheiMii 
place  ot  i lie  usual  bucket  wheels,  two  types  ol  mining  machine  teeth  weie  trCd  at  ditleicnt 
spacings.  and  I  lie  bettei  aiianeemeut  ot  the  two  gave  winking  rates  ol  ■'d  to  Jbb  in  hi  (3  to 
140  It  nun )  in  Iro/en  soil  with  a  depth  ot  I  I  m  (4.3  It )  and  a  slot  width  ol  0.  lb  in  (t'O 
in  )  I  incur  tool  speed  was  m.h  m  sec  ( I  73J  It  mm),  which  is  high  by  comparison  with 
ty  (Meal  drag  bit  machines  A  double  disc  saw  was  mounted  on  an  I  II  -3^3  excavalot  be¬ 
hind  a  I  100  tr.K  tin  us  discs  were  JO  in  m  diaiuetei  and  cut  two  |iarallel  slots,  each 
0  I  in  (4  in.)  wide  and  I  in  ( 30  li ) deep,  al  a  speed  ol  (>0  m  ill  (  1.3  It  mm). 

I’obe/haev  ( |074l  gave  some  mechanical  details  ol  a  disc  saw  mounted  on  a  I  -100  Iractoi 
I  *  *  i  work  m  Iro/en  mound  Maximum  cutting  depth  was  1 .2  ill  ( 3  '•  It)  and  cutting  width 
was  0  14  m  (  s.s  m  ).  I  he  machine  was  appaiently  capable  ol  advancing  at  40  m  hi  (  J.J  It 
nun),  and  cutting  cost  was  estimated  as  O.b  ruble  in1. 

Volkova  ( 1  ‘*74 )  described  a  cable-layer  disc  saw  consisting  ol  a  sepaiate  unit  lowed  on 
rubber  tires  behind  a  crawler  trac  (or  rutting  depth  was  given  as  I  O  m  (4  3  It  (.  widi  a  cm 
width  ol  0  JS  to  ().J(i  in  ( 10  in.)  Cutting  rale  in  Iro/en  soil  was  I  KO  m  hr  t‘).H  It  'n..n). 

The  cutting  wheel  appeared  (Irom  a  photogiaph)  to  have  relatively  lew  cutters  (about  JO), 
but  each  cutter  appeared  to  be  a  massive  chisel. 

II  tro/en  ground  can  be  cut  rapidly  and  economically  by  large  saws,  many  engineering 
tasks  will  be  greatly  simphtied  I  list  of  all.  there  are  direct  iet|uuements  tor  slots  or  nairow 
trenches,  e  g.  m  the  laying  ot  cables  or  small-diameter  pipes.  Deep,  nairow  slots  can  also  be 
used  for  emplacing  linear  charges  ol  hulk  explosive  m  granulated,  prilled  or  slurried  hum 


(vrri\<;  fro/.i  a  croim)  with  disc  saws 


jud  they  can  ho  used  to  coutiol  explosive  excavation,  eg.  in  avoiding  lateial  oveibreak 
dining  tiencli  blasting  I  01  geneial  -purpose  excavation,  specific  en.'igy  consumption  can 
be  minnni/cd  bv  c lilting  paiallel  slots  and  breaking  out  tlic  intervening  nbs  ot  uncut 
niatenal  with  blades.  np|H*is.  buckets,  01  explosive.  In  the  Soviet  Dmon.  tienclies  aie 
sometimes  excavated  in  tio/en  giound  b>  sawing  paiallel  slots  with  eitliei  disc  01  chain 
saws  and  then  hieakmg  the  keit  with  explosives  ( Ko/i.kov  |U7.1). 

11 1 c  obied  ol  the  (  KKI  I  test  piogiam  was  to  evaluate  I’.S.  coninieui.il  disc  saws,  to 
coiisidei  exploiatoiv  development  lot  beltei  peitormance.  and  to  investigate  opeiatmg 
pioceduies  loi  use1  ot  disc  saws  in  geneial-purpose  excavation  ol  tm/en  giound. 


TEST  MACHINES 

At  the  tim-'  the  lest  piogiam  was  initiated  tlieie  ap|Haied  to  be  only  two  niaiiiit act ntcis 
ot  largo  disc  saws  in  the  l  S..  both  making  tan  Is  small  machines  adapted  liom  conventional 
boom-and-chain  liencheis.  I  he  heaviest  model  olleied  by  each  inanulactuiei  was  selected 
toi  testing.  Die  heaviei  ot  the  two  machines,  the  Vet  meet  I  -<>00.  mounted  a  7-lt-diam 
wheel  on  a  ciawlei  carnage,  the  whole  ng  weighing  about  l7.CKX)lb  (I  ig.  I f  The  othci 
mac. ime.  the  Ditch  Witch  I  S .10  I  aitli  Saw  (fig.  2).  earned  a  wheel  ol  approximately  7  It 
diametei  on  a  small  mbbei-tiied  K(>0  oi  Kfi*'  tiactoi,  the  wheel  attachment  weighing  about 
2MMI  lb  One  machine  ol  each  tv  |H'  was  lured  liom  an  autlioii/ed  dealei  altei  pilot  dis¬ 
cussion  with  the  manutuc tuiei.  and  a  qualified  operator  was  lined  with  each  machine. 

I  he  Vcimeei  opeiated  in  the  liist  lest  season  ( 1*7721  was  a  used  I -MKIA  machine  that 
was  in  veiy  good  condition.  The  opeiatoi  mechanic  was expenenced  and  highly  competent, 
and  lie  was  accompanied  bv  an  experienced  technical  representative  liom  the  dealership.  In 
the  second  lest  season  ( I'I7.1|  tin-  Yeimccr  machine  was  an  almost  nev  T-hOOH.  It  was 
opeiated  bv  a  semoi  representative  ol  the  dealership.  Although  the  Vetmeei  T-MK)  is  olleied 
with  a  "l lost  cutter"  wheel,  this  veision  was  not  sen  ousts  considered  as  a  contender  lor 
cxcjvjtin’i  ol  deeply  lio/en  giound.  and  both  Vermeer  lest  machmes  were  ec|itip|K‘d  with 
the  "lock  cut  lei "  wheel  I  he  specifications  ot  the  tested  machines  ate  given  in  Table  I 

Ihe  Ditch  Witch.  which  was  used  only  m  the  I ‘*7 2  season,  was  a  brand  new  machine 
consisting  ot  the  I  S.M)  I  aitli  Saw  mounted  on  the  K<>0  tiactoi  (the  l(l><;  is  a  slightly  more 
poweilul  optional  camel  t  It  was  driven  by  a  new  dealei  who  was  highly  expenenced  as  a 
Ditch  Witch  mechanic,  but  who  had  not  previously  opeiated  laige  disc  saws  Specifications 
loi  the  machine  aie  given  in  I  able  II. 

Itoth  the  Veimecr  and  the  Ihtch  Witch  were  lilted  with  the  standard  bullet -type  lock  bus* 
m  the  1**72  tests  (I  ig  T.  4,  S >.  and  every  cflort  was  made  to  clean  and  grease  the  hit  blockst 
so  as  to  permit  easy  lotation  of  the  bits,  which  are  claimed  to  he  sclt-shaipcnmg.  The  Ditch 
Wiich  had  hits  made  by  a  major  U.S.  manufacturer,  while  the  Vcimeei  had  similai  but  more 
competitively  priced  bits  made  by  a  (mailer  company.  In  view  of  the  poor  durability  shown 
by  these  bits,  a  completely  new  cutter  system  was  developed  for  the  I **73  tests,  as  described 
in  a  subsequent  section  of  this  report. 

Neither  machine  was  fitted  with  gauge  shoes  to  control  cutting  depth  and  minimize  vibra¬ 
tion 


*  Replaceable  rock-culling  loot*  rival  work  hy  ah  taring  <>r  chiseling  arc  variously  referred  to  ai  “bln," 
"pickv,"  "tcclh,"  or  "cutlera." 

t  The  holder*  tor  replaceable  teeth  on  mining  machine*  are  known  varloualy  In  the  indualry  at  “aockela," 
"pockela.”  “boaea,"  “hoaara,"  or  “block*." 
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table  I  Specifications of  Vermeer  T-600  Rock  C  utter. 

Model 

1  hOO\  Kmk  l  utter  tur  I  6<*oh  shown  id  pari  mhcNcs) 

Manufacturer 

Vf  neet  Manufjc  turing  Company  .  IVIIj.  Iowa  5ti2|h 

Supplier 

V  ermeer  Saks  and  Service,  Iiu.,1  astletnn,  Sew  \  « >r k  I  2033 


General  dimensions 

Working  length 
W  >  if  king  height 
VSi.ith 

Weigh!  tappmy ) 

bngine 

I '  pi 

Hufsepnv  ft  at  governed  rptl» 
I  hspl.iv  ement 

1  •fs^Uf 
I  lit’ I  i  .||Mv  il  v 

(  utter  wheel 

Wheel  diameter 
Halt  .1  culling  depth 
Cutting  width 
IN  heel  thic  knew 
Culling  teelh 
Number  -I  teeth 

Drive  for  cutter  ..heel 

t  >  pe 

(  nntmls 

Wheel  speeds  at  full  rpm 


Track  system 

1  s  pe 

I  r ai  k  pads 
I  r .« c  k  length 
hearing  pressure 
(  feep  speed  with  tm  lord 
I  r  •  v t~l  speed  (wheel  not 
< .periling )  at  full  rpm 


’  II 

h.:  it 

".III  (b.h  U) 

I  7.000  lb  I  I  M  N(|t)  lb) 


(iMC  C5  \  difsol.  3  cslinder 
“’H  ■  2  32*  rpm 
i  m  1 

I  *o  IM  ti  J  2  32*  rpm 
2H  gal.  I  30  gal.) 


7  f| 

2  6  fl 

3.*  In  4.5  iii.  (4  to  5  in.) 

I  in. 

Mullet  tspemck  bits  (special  bits  used  on 
I  10 


f  6001)) 


Chain  drive  from  12- (I*  )  gpm,  I  500  (2000  )  psi  h> draulic  motor 
I  wo  lift  i  slimier  s.  controls  and  wheel  shift  operated  from  6  gpm. 

I  5«o  psi  hydraulic  pump 
I st  gear  5  rpm  (  7  rpm) 

2nd  gear  I  5  rpm  (14  rpm) 

3rd  gear  20  rpm  ( 26  rpm ) 

4th  gear  15  rpm  (44  rpm) 

Heserse  5  rpm  (  6  rpm) 


t»irderi/ed  crawler  track  with  semi  c  leated  pads,  i  oil  spring  ten 
stun,  or  II  rollers  per  track 

I  2  or  I  5  in  ( I  5  or  I  K  in.)  wide.  34  (37  or  4 3)  pads  per  (rack 
H  I  ft  15  or  K  7*  ft) 

7  K  nr  6.2  psi  (6.0  or  4.2  psi) 

O  to  26  ft/nun,  hydraulic  drive 
1st  gear  4H  ft /min 

2nd  gear  100  ft/mm 

3rd  gear  I  84  ft /min 

4th  gear  )  I  0  ft/mm 

Reverse  W  ft/mm 
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Table  II.  Specifications  of  Ditch  Witch  ES30  Earth  Saw. 


Mode  i 

t-SJO  frarth  Saw  mounted  on  K60  Trencher. 

Manufacturer 

C  hirks  Machine  Works.  Inc.,  Perr>,  Oklahoma  73077 

Supplier 

Oitch  Witch  North.  Bethel,  Vermont  05032 


General  dimensions 

Working  length 
Working  height 
Width 

Approx  gross  weight 
Carrier  weight  (approx) 
Attachment  weight  (approx) 

Engine 

Type 

Horsepower 
I  u«  I  capacit> 

Cutter  wheel 

Wheel  diameter 
Kited  cutting  depth 
Cutting  width 
Cutting  teeth 
Number  of  leelh 

Drive  for  cutter  wheel 

Type 

Control 

Carriage 

Type 

Creep  speed 
Tnvel  speed 


17.3  to  18  0  ft 
7.75  ft 
5.3  ft 
8500  lb 
6000  lb 
2500  lb 


Wisconsin  V460 
60 

15  gal. 


7  ft 
2.7  ft 
4  in. 

Bullel-lype  rock  bits 
I  10 


Bell  and  chain  drive,  4  forward  speeds  plus  reverie. 

Two  lift  cylinders  driven  from  13-gpm.  1750-psi  hydraulic  pump. 


four-wheel  rubber-tired  tractor  with  four-wheel  drive 
C  to  36  ft/min,  hydraulic  drive 
l/p  to  1 5  mph 


a.  T-600A. 

% 


) 


b.  T-600B. 


Figure  /.  Vermeer  T-600  Rock  Cutter. 


CUTTING  FROZEN  GROUND  WITH  DISC  SA IVS 


Figure  3.  Cutter  wheel  of  Vermeer  T-6Q0A.  Note  radial  scour¬ 
ing  bars  for  cleaning  cuttings  from  slot. 


ll  * 

b.  R eplaceable  perimeter  segmen t. 


/■  igure  4.  Bullet-type  teeth  on  Vermeer  T-600.  The  bits  on  this  machine  were 
fitted  to  10  replaceable  perimeter  segments. 
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CUTTING  FROZEN  GROUND  WITH  DISC  SA  h'S 


Figure  5. 


Cutter  wheel  of  Ditch  Witch  IS  30. 


TEST  SITES 

Two  types  of  ground  material  were  required  for  the  basic  tests:  frozen  fine-grained  soil, 
preferably  silt,  and  frozen  gravel.  Each  material  had  to  be  wr'l  bonded  by  ice  that  was  at, 
or  near,  saturation  content.  Einally,  the  depth  of  the  frozen  material  had  to  exceed  the 
maximum  cutting  depth  of  the  machines  so  as  to  simulate  permafrost. 

The  selected  test  area  was  in  West  Lebanon,  New  Hampshire,  on  the  property  of  Lebanon 
Crushed  Stone,  Inc.  This  area  had  a  variety  of  natural  soil  types  and  reworked  materials,  it 
was  conveniently  located  close  to  CRRLL,  and  support  facilities  were  available  through  the 
courtesy  of  the  owning  company. 

The  prime  objective  was  to  prepare  a  site  representing  the  most  difficult  type  of  ground 
condition  for  excavation,  i.e.  a  compact,  coarse,  cobbly  gravel  completely  frozen  at  satura¬ 
tion  water  content.  A  suitable  site  was  found  at  the  bottom  of  the  main  gravel  pit,  which 
had  horizontal  surfaces  on  two  main  levels.  At  that  time  the  pit  was  deep  and  relatively 
narrow,  so  that  the  base  received  little  direct  sunlight  in  winter,  and  cold  air  could  accumu¬ 
late  with  stable  thermal  stratification  in  calm  weather.  The  base  ot  the  pit  was  at  about  the 
lowest  elevation  of  the  entire  property,  so  that  it  received  ample  inflow  of  drainage  water. 


CUTTING  FROZEN  GROUND  WITH  DISC  SAWS 
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To  accelerate  frost  penetration,  the  test  site  was  kept  free  of  snow  by  bulldozing  after  each 
snowfall.  The  winter  of  1971-72  was  abnormally  warm,  and  by  late  January  1972  the 
gravel  was  only  frozen  to  about  10  in.  depth.  However,  onset  of  colder  weather  improved 
the  situation  and  by  late  February  the  site  was  frozen  to  more  than  28  in.  depth  Test 
conditions  in  1973  were  similar,  the  gravel  being  frozen  to  a  depth  of  30  in.  by  the  end  of 
February. 

No  special  preparations  were  made  for  testing  in  frozen  silt,  as  suitable  conditions  existed 
on  a  haul  road  where  snow  was  either  cleared  or  compacted  by  traffic.  At  this  place  the  soil 
was  a  light  sandy  silt,  well  compacted  at  the  surface,  with  a  water  content  that  was  probably 
close  to  saturation  (the  main  freezing  period  was  preceded  by  rainfalls  and  intermittent 
snowmelt  in  both  years).  The  silt  was  frozen  to  a  depth  of  25  in.  in  1972  and  to  almost 
30  in.  in  1973. 

Two  additional  sites  were  used  in  1973.  A  stratum  of  bouldery  gravel  in  the  West 
Lebanon  pit  was  used  or  a  “torture  test,"  and  a  bed  of  fine-to-medium  gravel  in  a  pit  near 
(  RRFL  in  Hanover,  N.l  ,  was  used  for  demonstration  cuts.  The  Hanover  site  was  also 
ased  for  measurements  o.  traction  force. 


TEST  PROCEDURES  IN  1972 

Both  machines  were  taken  first  to  the  gravel  site,  where  they  began  operation  with  new 
teeth.  The  operators  were  invited  to  familiarize  themselves  with  the  conditions  before 
starting  the  tests. 

The  tests  in  gravel  were  intended  to  determine  the  lollowing: 

1 .  Maximum  effective  sumping  depth 

2.  Maximum  traverse  speed  at  different  cutting  depths 

3.  Most  effective  wheel  speeds 

4.  Approximate  specific  energy  consumption 

5.  Tool  wear 

After  preliminary  tests  in  gravel,  both  machines  were  taken  to  the  silt  site,  where  they 
operated  with  partly  worn  teeth.  After  a  few  test  runs  in  silt,  the  Ditch  Witch  had  to  with¬ 
draw  from  further  testing  as  its  teeth  were  worn  and  no  replacements  were  available.  The 
Vermeer  had  its  teeth  completely  replaced,  ind  then  underwent  further  testing  in  silt  before 
it  was  transferred  back  to  the  gravel  site  for  final  tests  there. 


TEST  RESULTS,  1972 

Maximum  cutting  depths  in  frozen  silt  were  3j  and  32  in.  for  the  Vermeer  and  Ditch 
Witch  respectively.  In  frozen  gravel,  tie*  maximum  depth  of  cut  achieved  by  the  V<»*neer 
was  28  in.  and  the  maximum  depth  achieved  by  the  Ditch  Witch  was  12.5  in. 

Results  of  the  cutting  rate  tests  are  given  in  Tablec  lll-VI.  These  tables  also  give 
volumetric  excavation  rates  and  overall  specific  energy  consumption. 
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Table  III.  Perfom>ance  ol  Vermeer  T-600A  in  frozen  gravel  1 1972  >. 


Machine  Vermeer  I  M)()A  I  ngtiie  3  S  <  Detmi;  diesel  rated  at  "S  hp 
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Table  IV.  Performance  of  Ditch  VVjtch  in  frozen  gravel. 
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Table  V.  Performance  of  Vermeer  T-600A  in  frozen  silt  (1972). 

Machine  Vermeer  T  600A  Kngine:  3-53  Detroit  diesel  rated  al  78  hp 

Wheel  diameter  7  ft  Kngine  speed  2300  rpm 

Cut  width:  5  in.  Depth  of  frozen  layer’  25  in. 


(  utting 
depth 

tin.  > 

( iear 

wheel 

speed 

(rpm/ 

/  rj\ ene 
speed 
(in.  /min) 

1  olurnefrtc 

escalation 

rate 

(ft'  /mm) 

Sominal 

overall 
specific 
energy 
(UL-lbf/in. J  / 

Remarks 

33  5 

4 

35 

43 

9.02 

1.98  X 

to* 

Teeth  badly  worn  before  test 
started 

33 

4 

35 

67 

6.40 

2.79  X 

10* 

Teeth  badly  worn  before  test 
started 

33 

3 

20 

65 

6  21 

2.88  X 

10* 

Teeth  badly  worn  before  test 
started 

33 

4 

35 

64 

6  1  1 

2.42  X 

10* 

Teeth  badly  worn  before  test 
started 

33 

4 

35 

65 

6.21 

2.88  X 

to* 

Teeth  badly  worn  before  test 
started 

10 

4 

35 
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4.81 

3.72  X 

to* 

New  teeth  fitted 

10.5 

4 

35 
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3.99  X 

to’ 

17.5 

4 

35 
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1  1.03 

1.62  > 
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17 

4 

35 
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7.53 
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32  5 

4 

35 
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1  3.55 

1.32  X 
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Kathrr  dr >  sandy  silt 

31 

4 

35 
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14.30 

4.25  X 

10* 
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32  5 

4 

35 
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21.45 

8  32  x 

to* 

32 

4 

35 

21b 

20.00 

8.43  X 

to* 

Table  VI.  Performance  of  Ditch  Hitch  in  frozen  silt. 

Machine  Ditch  \5 itch  I  S30  tin  Kngine:  W|  .cumin  V460  ralrd 
K60  trencher  at  f»0  hp 

Cut  width  5.4  m.  Depth  of  froren  layer:  25  in. 


C'u  rririg 
depth 

(in./ 

20 

32 

32 

32 

32 

32 

20 

20 

20 

20 


Traverse 

spied 

Hear  (in. /min  I 


Xominal 

I'olumetnc  overall 

excavation  xpecifu 

rate  enerxy 

(ft1  /mm/  (tn.lhf/in. ’/  Hemarks 


0.87 

1.58  x 

10* 

1.99 

6.40  > 

10* 

1.44 

4  51  X 

I0‘ 

1.79 

7.68  X 

10' 

1.99 
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10* 
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4.45  X 

10* 

S.66 

2.43  X 

10* 
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K» 

o 

X 
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4.98 

2.76  X 
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1.68 

8. 18  X 

to’ 

20 

14.5 
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Machine  opetaiors  were  mh>ii  able  to  develop  a  "tool"  tot  I  lie  best  wheel  speed  It  the 
wheel  speed  was  Ion  low  .  cut t >np  became  jetky  and  the  wheel  tended  to  bounce,  putting  un- 
tasoiable  loads  on  the  cutters  and  bearings.  This  eltect  was  rather  more  noticeable  on  the 
hitch  its.li.  whuli  was  the  lighter  rip  and  which  was  also  mounted  on  pneumatic  tires.  At 
create!  viit'me  depths,  both  operators  selected  the  lowest  wheel  speed  consistent  with 
smooth  tunning.  and  this  appeared  to  be  aid  pear  lor  both  machines  when  working  in 
gravel  On  the  \  ermeer.  3rd  pear  is  supposed  to  give  a  wheel  speed  of’  20  rpm.  The  corre¬ 
sponding  conversion  was  not  available  tor  the  Ditch  Witch,  but  wheel  speed  looked  higher 
than  that  of  the  Vermeer 

I  or  shallow  cuts  in  gravel,  the  Vermeer  operator  selected  4th  pear,  which  is  supposed  to 
pise  a  wheel  speed  of  a?  rpm.  It  might  be  noted  that  there  are  kinematic  reasons  lor  in¬ 
creasing  wheel  speed  with  decreasing  culling  depth  ( Appendix.  A).  The  Vermeer  operator 
was  able  to  vut  frozen  silt  to  any  depth  in  4th  gear,  and  this  gear  was  his  choice  lor  cutting 
silt  However,  pci  tot  malice  ot  the  Ditch  Witch  in  silt  improved  significantly  when  it  was 
dropped  from  4th  to  aid.  Again  it  should  be  noted  that  the  Ditch  Witch  seemed  to  be  some¬ 
what  higher  geared  than  the  \  ermeer. 

Tooth  wear  in  Ito/en  gravel  was  verv  severe,  with  damage  occui'ing  alter  gist  a  lew 
revolutions  ol  the  wheel  During  the  lust  gravel  tests,  teeth  on  the  Vermeer  were  tor  all 
pradual  purposes  wont  out  after  4^  It  ot  cutting  at  24-2X  in.  depth,  i.e.  alter  ahe Hit  15 
minutes  of  operation.  At  the  start  of  the  second  set  of  gravel  tests,  the  Vermeer  made  a 
last,  shallow  l twit.  I  cut  tot  one  minute,  and  during  the  coutse  ot  this  cut  struck  a  boulder . 
causing  the  wheel  to  bounce.  As  a  result  ot  this  44  teeth  had  to  he  replaced.  The  Ditch 
Witch  teeth  had  bigger  tungsten  carbide  caps  on  the  end.  hut  weai  and  breakage  in  gravel 
were  at  least  as  bad  as  on  the  Vermeet  mans  teeth  were  broken  and  worn  altet  I  7  tt  ol 
cutting  at  1  21:  m.  depth 

Tooth  wear  m  tio/en  silt  was  cluells  b\  abrasion.  Hie  soli  outer  hods  of  the  tooth  was 
ground  away .  sometimes  in  curious  patterns,  and  the  protecting  carbide  core  was  thus  let t 
unsupported.  <  lilting  tests  in  Iro/en  silt  were  not  sufficiently  protiacted  to  establish  a 
weai  rate,  but  it  seems  likely  that  a  set  ot  teeth  could  go  without  replacement  lot  at  least 
several  hundred  feet. 

Patterns  ot  tooth  weat  clearly  indicated  that  some  teeth  were  doing  sir t noils  no  woik. 
while  othcis  bore  the  burnt  ol  the  attack  ’Scalloped'’  abrasion  patterns  on  the  side  ol 
some  teeth  seemed  to  indicate  incomplete  cuffing  coverage.  Mans  teeth  obviously  tailed 
to  rotate  in  their  sockets,  causing  unsy mmetncal  wear,  with  little  potential  lot  sell- 
sharpening. 

The  Vermeer  men  considered  the  fm/cn  giasel  to  he  a  tougher  cutting  proposition  than 
almost  am  material  they  had  previously  encountered,  including  reinforced  concrete. 


TtST  PROGR  AM  FOR  1973 

The  l,>~2  tests  showed  that  existing  disc  saws  had  useful  capabilities  for  cutting  fm/cn 
ground,  hut  the  durability  of  standard  culling  teeth  appeared  to  be  completely  inadequate 
lor  heavy  work  in  iro/en  gravels.  Thus  the  goal  tor  work  in  l‘>73  was  development  of  better 
cutting  teeth. 
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Figure  7.  Detail  o)  Ho\  parrot-beak  pick  as  fitted  to  l 'cr nicer 
T-bUOB  for  IV 7 .1  tests. 


The  mining  research  literature  was  surveyed.  l  .S.  and  foreign  manufacturers  of  mining 
tools  were  canvassed,  and  the  problem  was  studied  analytically.  This  resulted  in  the  selection 
of  a  particular  style  of  heavy-duty  parrot-beak  pick,  the  Hoy  bayonet  pick  number  B200 
2  113144,  and  tn  the  design  ot  an  appropriate  tooth-setting  pattern.  A  set  of  \  erimetcr 
segments  for  the  Vermeer  T-bOO  were  made  up  with  the  new  teeth,  and  tests  were  arranged. 

The  first  test  for  durability  was  made  on  two  sections  of  road  near  (atskill.  New  York, 
where  the  local  traproch  aggregate  had  previously  made  sawing  of  concrete  economically 
unattractive.  Tests  were  then  made  on  frozen  jravel  and  frozen  silt  at  Hanover  and  West 
lebanon.  New  Hampshire.  Test  procedures  were  broadly  similar  to  those  employed  in  l‘>72. 
hut  additional  measurements  were  made  to  determine  the  tractive  thrust,  or  drawba:  pull, 
of  the  carrier  vehicle. 

The  machine  was  also  taken  to  a  lake  north  of  Hanover  for  a  demonstration  of  ice  cutting 
(fig  10). 


'.V/lk'.S’ 
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Figure  9.  1  ermeer  T-6U0II  culling  concrete  and  asphalt.  Note  that  a  cable  layer 

is  Jilted  to  the  wheel. 


Figure  10.  Vermeer  T-600B  cutting  floating  ice.  The  machine  was  able  to  cut 
IS-in.  -thick  ice  at  maximum  crawl  speed  (26  ft /min)  with  no  perceptible  effort. 
A  contractor  recently  made  long  cuts  in  lake  ice  with  a  Ditch  Witch  saw,  aver¬ 
aging  6.  7  ft /min. 


a  "rn.xc  / ro/i  x  ground  with  djscsa  it'.v 
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TEST  RESULTS,  1973 

The  cutting  performance  of  the  Vermeer  T-oOOB  with  the  new  teeth  is  given  in  Tables 
VII-IX.  These  results  show  that  the  production  tales  were  not  much  affected  by  the  change 
of  teeth,  but  the  machine  was  able  to  cut  to  greater  depth  in  frozen  gravel  with  the  new 
teeth.  However,  the  durability  tests  showed  a  dramatic  improvement  in  tooth  life. 

In  the  road-material  tests  at  (  atsktll,  the  saw  sumped-in  to  its  maximum  possible  depth 
(3  in.  greater  than  maximum  rated  cut  depth  |  and  began  cutting  very  hard  material.  The 
machine  operator  and  the  dealer  estimated  (on  the  basis  of  past  work  in  the  same  material) 
that  the  standard  bullet-bits  would  last  for  a  linear  distance  of  15  ft  ±  3  ft  under  such 
conditions.  Alter  cutting  lor  2<S  It,  the  machine  was  stopped  and  the  new  teeth  were  in¬ 
spected  lor  wear  and  damage;  no  significant  deterioration  had  occurred  by  that  stage,  but 
the  relief  faces  of  some  of  the  carbides  were  showing  wear.  After  1 50  linear  feet  of  cutting 
the  teeth  had  developed  definite  wear-flats  on  the  relief  faces;  the  machine  was  still  per¬ 
forming  well,  but  maximum  cutting  speed  had  dropped  by  30'-'.  The  machine  W'as  then 
moved  to  another  section  ol  road,  where  it  continued  to  make  demonstration  cuts  at 
shallower  depths,  slicing  through  the  asphalt  and  concrete  pavement  but  not  penetrating 
the  gravel  base.  Alter  about  IhOO  linear  feet  of  cutting,  four  teeth  had  been  broken  and 
the  remaining  teeth  were  well  worn,  although  far  front  the  stage  at  which  a  contractor 
would  discard  them. 

In  the  tro/en  gravel  tests  at  West  Lebanon  the  machine  was  deliberately  pushed  at  maxi¬ 
mum  speed  through  a  bed  of  boulders  material,  and  under  these  conditions  13  teeth  were 
broken  over  a  linear  distance  ol  about  25  ft.  However,  with  the  bullet-bits  used  in  1972, 


Table  VII.  Performance  of  modified  Vermeer  T-600H  in  road  materials  ( 1973). 


Machine:  Vermeer  1-60011  with  Huy  Kngine:  3-53  Detroit  diesel  rated  at  78  hp 
parrot-beak  picks 

Wheel  diameter:  7.2  ft  Kngine  speed:  2300  rpm 

C  ut  width  3.7  in.  Material:  Road  pavement  consisting  of  4.5-in.  surface  layer 

of  asphalt,  7.5 -in.  layer  of  lightly  reinforced  concrete  (trap- 
rock  aggregate,  3/8  in.  rebar),  deep  base  course  of  coarse 
frozen  gravel. 


Xominal 

Xominal 

1  t  flume  trie 

overall 

Cm  tiny 

wheel 

Traverse 

excavation 

specific 

dep  th 

speed 

speed 

rate 

energy 

fin-) 

dear 

(rpm) 

fin.  /min) 

1 ft 1  fmin) 

(in.  lhf/in. 3 ) 

Remarks 

34 

4 

44 

52 

3.79 

■4.72  X  10’ 

New  picks 

34 

4 

44 

49 

3.57 

5.01  X  I05 

34 

3 

26 

45 

3.28 

5.45  X  10’ 

Machine  jerking,  tracks  scuffing 

34 

2 

14 

not  measurable 

Very  jerky,  frequent  halts 

34 

4 

44 

35 

2.5  5 

7.01  X  to’ 

Steady  rate  after  30  ft  of  deep  cutting 

crm.xc  from  a  oroi.xd  with  disc  saws 
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Table  VIII.  Performance  of  modified  Vermeer  T-6B0B  in  frozen  gravel  (1973). 


Machine  \  ermeer  f-60011  with  Hoy  parrot  beak  picks 
Wheel  diameter  7.2  ft 
Cut  uiJth  3.7  in 


Kugme:  3  53  Detroit  diesel  rated  at  78  hp 

Lngine  speed:  2300  rpm 

Depth  of  frozen  layer:  Approximate!)  30  in. 


( 'la  i  ting 
Jcp  th 
(in.  > 

.Yormrw/ 
wheel 
speed 
dear  (rpm) 

7>uirrjc 
speed 
(in  man / 

1  o/umrrrit 

ex  mi  a  non 

rate 

(ft*  (nun) 

N  orninal 

overall 
specific 
energy 
(in.  thf/in  * ) 

Remarks 

31 

4  44 

79 

5.24 

3.41  X  10* 

All-out  test  in  compact  gravel  with 

boulders  of  10  in.  diameter  or  more. 
Almost  equivalent  to  cutting  solid 
rock.  13  teeth  broken  in  a  few  min 
utes  of  operation. 


30  total 
(25 

gravel,  5 
ice  and 
fine  Mill) 

4 

44 

55 

3  53 

5.06  a 

10* 

Operating  with  broken  teeth  in  cobbly 
gravel.  Some  track  slip. 

30  total 
<25 

gravel.  5 
ice  and 
fine  coil) 

4 

44 

55 

3.5  3 

5.06  * 

io' 

Second  test  under  same  conditions 
produced  identical  results. 

30 

4 

44 

61 

3.-42 

4.56  > 

I0J 

Broken  teeth  replaced.  Cobbl)  gravel. 

34 

4 

44 

48 

3.50 

5.1  1  X 

10’ 

Hood  teeth,  fine  gravel.  Some  slip  in 
drive  belts. 

34 

4 

44 

'.0 

4.37 

4.09  X 

10’ 

Alter  lightening  helix. 

34 

4 

44 

42 

3.06 

5.85  x 

»o' 

1  ine  graxel  with  ire  topping.  Some 
track  dip. 

Table  IX.  Performance  of  modified  Vermeer  T-600B  in  frozen  silt  ( 1973). 


Machine.  Vermeer  T-600B  with  Hoy  parrot-beak  picks 
Wheel  diameter.  7.2  ft 
Cut  width  3.7  in. 


lngine  3-5  3  Detroit  diesel  rated  at  78  hp 

fngine  speed:  2300  rpm 

Depth  of  frozen  layer  Approximate!)  30  in. 


(  ut  ting 
Jcp  th 
(in.) 

(fVdr 

\i>nunal 

wheel 

speed 

(rpm) 

I  ra  verse 
speed 
(in.  min/ 

\  olumetrn 

excavation 

rate 

(ft*  /mtnf 

\onunal 

oserall 

specific 

energy 

(in.  Ibf/in.  * )  Remarks 

35.5 

4 

44 

151 

11.5 

1.55  X  10* 

35.5 

4 

44 

168 

12.8 

1.40  X  10* 

31 

4 

44 

195 

12.9 

1.39  X  10* 

31 

3 

26 

120 

7.97 

2.24  X  10* 

31 

4 

44 

129 

8.56 

2.09  X  10’ 

30 

4 

44 

164 

10.5 

1.70  X  10’ 

30 

4 

44 

1  38 

8. 86 

2.02  X  10s  Some  crushed  stone  in  top  foot  of  soil. 

a  m\(.  iko/i  \  a K<n  xn  witiidiscsaws 


Fable  X.  IHjwbar  pull  of  Vermeer  T-bOOB  on  various  working  surfaces 

Machine  \  oMiici-r  I  600lt  (short  lr.uk)  I  iigine  t  5  3  I  letrnil  diesel  r  jled  at  7h  hp 

Mjc  hme  weight  19,500  Ih  I  ngine  speed  2.tOOrpm 

l>>  n  ainoineter  HI  II  electric  al  resistance  load  c  ell  with  Irack  speed  0  to  1^1 1 /nun 
keithlev  Jigifal  voltmeter  readout 


<  * *1 4Hii  Kltr  fUt  «• 

Drawbar  pull 

ttbfi  (i 

iw  bar  i  ot  flu  wni 
iwbar  pul!  Kr>  bl/ 

Ht'tnark  \ 

I  htu  snow  void  oxer  tro/cn  sand 

SHU 

o.  to  t 

1  Inn  snovx  » over  over  Iro/en  sand 

6.570 

0  t  1 7 

!  hm  snow  cover  over  Iro/en  sjnd 

“,760 

0.449 

Him  snow  cover  over  Iro/en  sjnd 

»  .,960 

0.562 

Ihm  snow  cover  over  itc 

M.540 

0.4  tH 

Thin  snow  cover  over  ue 

7 ,4*0 

o  t«; 

I  rat  ks  slipping 

Ihin  snow  cover  over  ice 

7.4  M) 

o  tn; 

I  hm  stiovs  cover  over  ice 

7,670 

0  .19  t 

True  ks  slipping 

Ihm  snow  cover  over  ice 

6.  UO 

0.  126 

Mixture  ot  show  and  dirt 

.260 

0  2  7(1 

Mixture  of  snow  arid  dirt 

5.690 

0  292 

Mixture  ot  snow  jiiJ  dirt 

V.4lt, 

0  to  t 

Slush  over  th  iv  iti|(  ice 

7.670 

0  19  t 

Mush  tiver  (hawing  u  e 

‘#.200 

0.472 

Slush  over  (hawing  n e 

9,640 

0.494 

Mush  ovrr  thaw  inn  n  e 

"\4So 

0  tH2 

Slush  over  thawing  ue 

H.l  10 

0  4  1  h 

Slush  over  thawing  u  e 

6,790 

0  t4H 

1  rn/fii  sandy  silt  lightlv  thawed  on  surface 

1 0,080 

0  5  |  7 

Iro/en  sand)  sill  lightlv  thawed  o.*  surface 

1 11,960 

0  562 

Iro/.-h  sandy  silt  lightly  thawed  on  surface 

1  MHO 

II  MN 

Iro/en  sandy  silt  lightly  thawed  on  surface 

9.H60 

0  506 

fucks  slipping 

1  rn/eh  sandy  silt  lightly  thawed  oil  surface 

9.640 

0  4-14 

44  teeth  had  been  devtiuyed  by  sinking  j  single  boulder  l  ndei  less  severe  cutting  condi¬ 
tions  in  Iro/en  gravel  there  was  no  venous  detenoi  itioii  alter  >U  It  ot  cutting,  although  the 
arbides  showed  some  wear  and  minor  shipping. 

In  Iro/en  sih  there  was  no  significant  wear,  and  it  appeared  that  the  teeth  would  last 
indefinitely. 

Results  ol  the  li action  tests  are  given  in  I  able  \. 


GENERAL  PERFORMANCE 

Both  of  the  saws  tested  in  I ‘#72  had  good  capabilities  lor  cutting  Iro/en  line-grained 
soils  (silt,  sand,  clay ).  and  tooth  durability  seemed  adequate  lor  these  materials  Both 
machines  were  capable  of  cutting  Iro/en  gravel  at  useful  rates,  but  cutter  durability  was 
judged  to  be  completely  inadequate  in  this  material. 

On  the  basis  of  the  limited  tests  that  were  carried  out,  the  heavier  and  more  expensive 
machine,  the  T-bOO,  demonstrated  significantly  higher  capabilities  than  the  lighter  I  S.U). 
It  was  able  to  cut  to  more  than  the  rated  maximum  depth  m  both  Iro/en  silt  and  frozen 
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gravel.  whereas  the  IS30  could  only  achieve  about  40V  of  its  rated  cutting  depth  in  frozen 
gravel.  When  cutting  at  the  same  depth,  the  T-600  progressed  about  80V  faster  than  the 
I  S 10  in  frozen  gravel,  and  it  was  more  than  twice  as  fast  in  frozen  silt.  The  installed  power 
ot  the  I  S30  was  only  80V  of  the  installed  power  of  the  T-600.  but  this  did  not  appear  to 
he  the  limiting  factor.  The  limitation  seemed  to  be  more  a  matter  of  force  and  stability . 
The  I  S30  wheel,  having  open  segments  cut  in  it,  was  obviously  lighter  than  the  T-600 
wheel,  and  while  this  probably  made  it  more  compatible  with  a  light  carrier  vehicle  it  did 
reduce  the  desirable  fly  wheel  effect. 

The  performance  ol  the  T-600  can  be  used  to  establish  an  interim  standard  of  compari¬ 
son  tor  sawing  of  frozen  ground.  At  approximately  33  in  cut  depth,  traverse  speeds  range 
from  5  to  IQ  ft /min  in  frozen  silt  and  from  3.5  to6.6  ft /min  in  frozen  gravel,  variations 
occurring  with  tooth  condition  and  the  strength  cf  the  frozen  ground.  In  terms  of 
volumetric  excavation  rate  (i.e.  cut  width  X  cut  depth  X  traverse  speed',  the  range  is  from 
about  5  to  21  If* /min  in  frozen  sill  and  2  to  5  ft' 'min  in  frozen  gravel. 


CUTTER  DURABILITY 

I  lie  bullet  bits  tilted  to  the  1972  machines  did  not  have  adequate  durability.  In  frozen 
gravel  the  T-600  wore  out  a  set  of  1 30  teeth  in  45  linear  feet  of  cutting  at  80V  of  maximum 
depth .  this  is  roughly  equivalent  to  one  tooth  per  square  foot  of  sawcul.  or  nearly  four 
teeth  per  cubic  foot  of  excavated  material.  According  to  operator  reports,  the  wear  rate  in 
hard-aggregate  concrete  can  be  as  high  as  three  teeth  per  square  foot  of  sawcul,  or  about 
nine  teeth  per  cubic  fool  of  excavated  material.  Depending  on  the  amount  of  tungsten 
carbide  in  the  t  p.  teeth  of  this  type  typically  cost  SI  .50  to  S4  each  (1973  prices)  when 
bought  in  bulk,  so  that  the  cost  of  sawing  frozen  gravel  can  be  prohibitive. 

A  bullet  bit  may  be  likened  to  a  pencil,  with  the  hard  but  brittle  carbide  analogous  to 
the  lead  of  a  pencil  and  the  soft  steel  body  corresponding  to  the  wood  of  the  pencil.  The 
bit  works  well  as  long  as  the  resultant  cutting  force  is  directed  along  its  central  axis,  but 
when  the  cutting  force  is  angled  away  from  its  axis  the  steel  abrades  and  allows  the  carbide 
to  be  snapped  off  in  flexure.  In  other  words,  it  is  well  adapted  to  “stabbing,’'  but  vulnerable 
to  side  forces.  Much  of  the  research  on  rock-cutting  tools  (which  tends  to  be  done  with 
ideal  sharp  tools)  indicates  that  the  normal  and  tangential  components  of  cutting  force  arc 
approximately  equal,  so  that  the  resultant  cutting  force  makes  an  angle  of  roughly  45°  with 
the  tangent  to  the  tooth-tip  trajectory,  and  bullet  bits  tend  to  be  set  accordingly.  However, 
more  obscure  research  investigations  that  take  into  account  realistic  tool  wear  indicate  that 
the  ratio  of  normal  to  tangential  components  of  cutting  force  increases  as  the  bit  wears, 
reaching  values  as  high  as  4  after  a  modest  amount  of  cutting.  Bullet  bits  are  designed  to 
avoid  development  of  wear  flats,  their  self-sharpening  characteristics  being  provided  by 
rotational  symmetry  and  rotational  freedom  of  the  bit  in  its  socket.  However,  in  actual 
operation  bits  often  fail  to  rotate,  even  when  the  sockets  are  cleaned  and  greased  frequently. 

In  seeking  an  alternative  to  the  bullet  bit  for  the  disc  saw  and  for  other  experimental 
machines,  six  U.S.  manufacturers  of  carbide-tipped  rock-cutting  tools  were  contacted  and 
their  product  ranges  were  considered.  However,  the  industry  is  heavily  committed  to  the 
production  of  bullet  bits  in  varying  shapes  and  sizes,  and  the  available  fixed  drag  bits 
appeared  to  be  mainly  very  small  tools  that  lacked  any  kind  of  design  sophistication. 
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Technical  representatives  »t  hit  makers  concentrated  exclusively  on  bullet  bits,  and  were 
reluctant  to  consider  alternative  designs.  Other  developers  of  special!  cd  machines  have 
apparently  experienced  similar  industry  response.  Since  there  was  no  domestic  source  for 
suitable  manufactured  teeth,  and  since  special  fabrication  of  experimental  teeth  would 
have  been  prohibitively  expensive,  new  bits  were  purchased  from  a  firm  in  I  ngland,  where 
there  arc  three  manufacturers  of  mining  tools  with  highly  varied  product  lines. 

The  new  bit  was  a  Hoy  bayonet  pick,  type  200/2/1 13 1 44  (hg.  7).  This  tool  is  a  sturdy 
parrot-beak  pick  with  a  high-impact  carbide.  The  gauge  length  (projecting  length)  is  2  in. 
and  the  width  overall  is  I  in.  The  design  relief  angle  is  approximately  1 2°,  but  the  tools 
supplied  had  a  primary  relief  angle  of  approximately  K°  and  a  secondary  relief  angle  oil 
the  carbide  of  approximately  !H°.  The  design  rake  angle  was  approximately  +6°,  but  on 
the  tools  supplied  the  rake  angle  was  zero  or  very  slightly  negative.  The  carbide  had  a 
maximum  width  of  1  in.,  and  maximum  dimensions  in  the  normal  and  tangential  diicctions 
of  0.75  in.  and  0.5  in.  respectively .  A  total  of  <>0  bits  were  fitted  to  the  wheel,  replacing  the 
1 30  bullet  bits  previously  used.  At  time  of  purchase  each  bit  cost  S2.S7,  so  that  the  cost 
of  a  complete  replacement  set  of  teeth  for  the  wheel  was  about  equal  to  the  lowest  known 
cost  for  a  set  of  bullet  teeth,  and  about  one-third  of  the  cost  for  a  set  of  high-priced  bullet 
teeth. 

The  cutting  tests  in  road  materials  suggested  that  a  set  ol  the  new  teeth  might  have  a 
working  life  two  orders  of  magnitude  higher  than  a  set  of  bullet  teeth,  and  the  Vermeer 
dealer  immediately  reacted  by  obtaining  a  U.S.  franchise  for  these  tools.  The  tests  in  fro¬ 
zen  gravel  were  not  sufficiently  protracted  to  establish  wear  rates,  but  they  did  demonstrate 
the  superior  impact  resistance  of  the  new  teeth  and  they  suggested  that  wear  life  would 
exceed  that  of  the  bullet  teeth  by  more  than  a  factor  of  10. 

frozen  ground  is  highly  variable,  but  in  frozen  gravel  that  has  few  cobbles  and  no  large 
boulders  it  might  be  expected  that  the  T-600  wheel  with  the  parrot-beak  picks  would  have 
a  wear  rale  of  no  more  than  0.1  tooth  per  square  foot  of  sawcut,  or  0.4  tooth  per  cubic 
foot  ot  excavated  material.  In  monetary  terms,  this  is  equivalent  to  about  30  4/ft2  (saw- 
cut  area)  and  SI  .10/ft1  (excavated  volume).  In  I  hour  of  operation  with  actual  cutting 
going  on  for  (■>(¥/<  of  the  time,  tooth  costs  might  be  around  $140  in  frozen  gravel,  so  that 
total  operating  cost  lor  the  machine  would  be  dominated  by  tooth  cost. 


TOOTH  PATTERNS 


Tooth  layout  in  1972 

On  both  of  the  machines  tested  in  1972  the  layout  and  spacing  of  the  cutting  teeth 
(Fig  4,  5)  seemed  less  than  ideal.  Apart  from  the  question  of  bit  angle,  which  was  touched 
on  above,  some  teeth  were  set  directly  in  the  wake  of  others  so  that  they  were  doing  no 
work,  while  some  teeth  were  having  their  sides  scraped  by  uncut  material.  There  was 
clearly  uneven  coverage  of  the  cutting  face,  and  the  bits  were  being  loaded  unevenly.  In 
considering  the  last  point,  it  is  instructive  to  consider  the  chipping  depth  of  the  teeth,  i.e, 
the  depth  to  which  each  tooth  penetrates  into  uncut  material  during  the  course  of  its  sweep 
through  the  work. 
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Chipping  depth  for  1972  Vermeer  teeth 

In  considering  the  effective  depth  of  bite  taken  by  the  teeth,  it  is  somewhat  difficult  to 
decide  on  the  number  of  tracking  cutters  (»r).  The  1972  Vermeer  wheel  was  fitted  with 
10  identical  perimeter  segments,  and  on  each  segment  every  tooth  has  a  different  setting. 
However,  on  each  side  ol  each  segment  there  were  five  gauge  cutters,  and  there  was  very 
little  difference  in  the  setting  of  individual  teeth  for  each  of  these  groups.  There  were  also 
three  center  cutters  on  each  segment,  and  again  there  was  little  difference  in  the  setting  of 
each  individual  tooth  in  these  groups.  The  minimum  value  that  can  be  taken  for  n  is  10, 
but  this  is  too  low  for  most  of  the  cutters.  It  would  be  more  realistic  to  say  n  =  50  for  the 
gauge  cutters  if  they  were  all  uniformly  spaced,  but  in  fact  there  was  a  gap  between  each 
of  the  10  groups  In  the  same  way  n  -  30  would  be  realistic  for  the  center  cutters  if  they 
were  uniformly  spaced,  but  they  weie  actually  clumped  at  the  leading  end  of  each  segment. 

This  tooth  arrangement  means  that  the  lead  tooth  in  each  group  took  a  relatively  large 
bile,  while  the  ones  following  in  its  wake  took  smaller  bites.  Approximate  calculation  of 
the  bite  taken  by  each  type  of  tooth  can  be  made  by  assuming  the  following  values. 


Center-i-utt.nR  teeth : 

Lead  tooth 

n  *  1 3 

Follower  teeth 

n  *  100 

(iauRe-eutting  teeth 

Lead  tooth 

n  *  40 

Follower  teeth 

n  %  65 

ions  will  be  made  here  lor  two  cutting  conditions: 

Cutting  depth  J 

2b  in. 

(32  in.) 

Wheel  radius  R 

42  in. 

(42  in.) 

Wheel  speed  / 

20  rpm 

(35  rpm) 

Traverse  speed  V 

60  in. /min 

(200  in. /min) 

The  first  set  of  values  is  supposed  to  represent  cutting  in  frozen  gravel,  and  the  second 
set  ot  values  in  parentheses  represents  cutting  in  fro/cn  silt. 

The  maximum  chipping  depth  is  given  by* 


and  the  calculated  values  arc 


Center-cutting  teeth 

lead  tooth 

0  22  in.  (0.43  in.) 

follower  teeth 

0  02b  in.  (0  056  in.) 

Cauge-cuiting  teeth 

Lead  tooth 

0.071  in.  <0.14  in.) 

Follower  teeth 

0.044  in.  (0.085  in.) 

These  calculations  lead  to  a  number  of  questions.  First  of  all.  it  is  hard  to  see  why  the 
teeth  were  set  with  an  irregular  spacing  when  this  results  in  uneven  loading  or  working  of 
the  teeth.  Secondly,  when  the  machine  was  cutting  frozen  gravel  or  other  strong  materials 


See  Appendix  A  for  derivation  of  this  and  other  equations  used  in  thr  diutmmn. 
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the  chipping  depth  was  ver>  small  lor  all  teeth  except  the  lead  teeth  ot  the  center-cutting 
groups.  In  principle,  bite  could  be  increased  by  dropping  the  wheel  speed,  but  this  pro¬ 
cedure  on  the  Vermeer  would  result  in  unduly  large  bites  by  the  widely  spaced  lead  cutteis 
of  the  center  teeth,  with  consequent  vibration.  There  is  also  a  matter  of  vibration  arising 
from  inhomogeneity  of  the  material  when  a  “soft,"  or  compliant,  device  is  run  at  low  speed 
If  the  bite  is  too  small,  the  machine  is  grinding  the  rock  instead  of  chipping  it  I  veil  in 
frozen  silt,  where  the  machine  was  traversing  at  fairly  high  speed,  the  bite  taken  by  the 
follower  teeth  was  small. 

Tooth  layout  in  1973 

Original  plans  for  layout  of  the  new  teeth  in  1973  called  foi  r  three-track  arrangement 
with  only  center  cutters  and  left  and  right  gauge  cutters.  This  seemed  reasonable  in  light 
of  research  findings  concerning  cutter  spacing,  but  after  discussion  with  the  Vermeer  dealer 
it  seemed  safer  to  adopt  the  six-track  arrangement  shown  in  Figure  1 1 .  Nominal  gauge  was 
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i oil iR i'll  In  M  with  .in  initial  gauge  (new  pis  kv I  ut  3  "  in  V  t  nails  .  a  iiumlii  i  ul 
Cfldis  wete  made  (till  ini'  I  In'  wohlllie  nt  |>K  k  bins  ks  Id  I  ho  w  Ill'll  llll  see  lm  plates,  .Ills) 
Siam-  teeth  weie  sel  mil  nt  seipieme  m  at  angles  othei  than  the  planned  ones 

I  lie  test  wheel  and  a  sups  weie  used  In  the  iiiaelune  dealei  Mihsei|uent  in  the  tm/on 
pnniml  tests,  and  mi  the  basis  ul  Ins  expenente  hi  suiting  smuiete  he  lesonimended  an 
uieteasc  id  gauge  and  a  ihange  Itmn  a  10-segment  In  a  I  '-segment  .iii.ingemenl  (the  lattei 
elunge  being  laigels  Im  leasmis  id  ecmimns  and  emiseniense  in  stue  king  spates)  I  he 
live-iiatk  design  shown  in  I  iguie  I  2  was  then  diawn  up  tm  the  use  < >1  the  dealei .  and  it 
is  believed  that  it  pmved  satisfaetms  in  emu  lele  suiting  npeiatimis. 

Chipping  depth  for  1973  experimental  teeth 

Ignoiing  the  emus  that  weie  made  in  setting  smite  teeth,  the  I1*'  t  lest  wheel  had  It) 
tiaeki.ig  (.utters  (ii  10)  Taking  the  same  Iwu  sets  ul  slitting  emiditimis  used  in  the 
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calculation  > •!  maxm  urn  Iiip|>mt;  depth  loi  (lie  I ‘172  teeth.  the  calui'alcd  values  lor  t lie 
ll>75  jiungemcnt  ai  • 

All  tee  I  li  0. ’X  in.  <0.055  m.) 

llowcsci.thc  I ‘>75  machine  wav  gcjicd  highci  than  the  1 '  iiiaeliine.  and  it  wasopcuicd 
most  ettectively  at  the  highest  wheel  speed,  i  e.  44  i pm .  It  was  also  capable  ol  somewhat 
grealei  operating  depth  I  he  cutting  conditions  lot  calculation  can  therefoie  be  tensed 
to 
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t>()  in  mm 

( 200  m.  mm) 

No  ot  tucking  ciilteiv  n 

10 

HOI 

1 1 h  these  changes  the  calculated  sallies  lot  maximum  chipping  depth  in  the  tsso  mateiials 
become 

All  teeth  0.15  in.  (0.44  in  ) 

I  oi  the  livc-ttack  aiiangement  shown  m  I  igme  I  5  the  chipping  depths  aie  20'  lowei  i  e 
0  I  I  and  0  17  hi. 


POWER  AND  SPECTER  ENERC.Y 


Specific  energy  for  sawing 

Powei  output  ot  the  machine  divided  by  volumetric  cutting  late  gives  the  oveiall  specific 
energy  o|  the  saw.  t  e.  ti  e  energy  expended  per  unit  volume  ol  niatciial  cut.  With  power 
expressed  in  in  Iht  min  and  volumetric  cutting  rate  expressed  in  in.  *  mill,  specific  enemy 
is  given  m  in  -Iht  in  *  ,oi  Ibl  m  !  Averages  ol  the  oveiall  specific  energy  values  meastued  lit 
I072  lor  the  Vermeer  aie  K.H  x  I0J  lbf/in.3  lor  gravel  and  2  2  X  10*  Ibl  in. J  lor  silt 
(  oriesponding  values  liom  the  1075  tests  are  4.7  X  I0J  Iht  /in.1  lot  gravel  and  l.K  X  Mr 
Ibl  in  1  lor  silt,  i.e.  improsements  ovt  the  1072  results  hy  about  50'.’  and  20'  '. 

Pie  above  values  give  ov  tall  specific  eneigy  lor  the  machine.  Ihe  process  specific 
energy  lot  the  saw  itself  ts  the  actual  net  power  consumed  hy  t he  saw  divided  by  the 
volumetric  cutting  rate.  Perhaps  the  simplest  way  o|  delmmg  net  powei  is  to  take  the 
difference  between  the  total  power  consumption  loi  culling  and  the  “windmilling"  power 
lor  winding  the  disc  and  propelling  the  machine.  W'mdmillmg  power  was  not  measured, 
bul  it  can  be  roughly  estimated  ihe  bell  and  chain  dnve  to  ihe  wheel  probably  dissipate  J 
about  10''  of  the  available  power,  while  the  track  drive  system  may  have  accounted  lor 
another  10'-'.  Thus  process  specific  energy  values  ought  to  be  20'’  or  more  lower  than  ihe 
values  given  above  lor  overall  specific  energy. 

A  dimensionless  performance  index  lor  the  cutting  process  can  be  obtained  by  normal 
i/mg  specific  cncigy  with  respect  to  the  uniaxial  compiesxive  strength  ol  ihe  maleiial  being 
cut  (Mellor  |‘)72).  Taking  average  values  ot  bulk  compressive  strength  as  1 500  and  I0(K) 
Ibl/in.3  lor  the  gravel  and  sill  respectively,  and  taking  estimated  values  of  net  process 
specific  energy,  the  performance  indices  lor  the  1**7  \  wheel  ate  2.5  for  gravel  and  1 .4  lor 
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silt  llicxe  au'  nut  paiticuluilv  pood  v allies,  as  veiv  ctlivicnl  lock  dulls  can  pel  down  to 
about  0  .v  while  the  best  modern  tunnel  bonnp  inaeliuies  cm  achieve  values  as  low  as  0.1 
under  ideal  conditions  llovvevci.  it  should  be  iecopni/cd  that  the  value  lm  lio/en  pruvel 
r  deceptive,  in  dial  H  reallv  lepiesenls  a  certain  atnounl  ol  lock  cuttinp  in  nialenal  that 
could  have  compressive  siicnpth  in  the  taupe  I  MHIl)  to  2(I.(KX)  lht/in.‘ 

On  o'  a  leahstn  v  me  ol  specdic  euerpv  has  been  determined  lor  a  clis«.  saw  in  a  certain 
kind  ol  rnateiial  it  ,-ec  mes  possible  to  calculate  the  power  iei)mretnents  tor  am  new  saw 
at  ut  the  peilormamc  specifications  have  been  decided  I  he  ici|uned  power  is  simple  the 
speciti.  euerpv  multiplied  h\  the  volumetric  cuttinp  late. 

Specific  euerpv  for  bulk  excavation 

While  the  specdic  eneipv  tor  sawmp  .s  not  ootstundmph  attractive,  a  saw  has  the 
cap  , milts  ol  aduevinp  much  better  speci’K  euerpv  values  tor  certain  tv  pc's  ol  bulk  c  xcava 
lion  It  a  saw  is  used  to  cut  suitable  spaced  parallel  kerts.  the  mtervemiip  nhs  ol  uncut 
matetia!  can  usuallv  be  broken  out  with  almost  neplipible  eneipv  coiismiiptiou.  It  the  width 
ot  the  sawcut  is  u  and  the  center  to  venter  spue  tup  ol  udiuccnt  ketls  is  IT.  the  ellcctive 
spc'vilic  eneipv  tor  bulk  excavation  /  is  related  to  the  specdic  eneipv  lor  sawmp  /  s  In 

1  ,  I ,  "  '» 

in  which  the  eneipv  required  tor  bieakine  oil  the  uncut  rib  is  neplccted.  I  heie  is.  howevet. 
a  practical  limn  to  It.  as  the  uncut  rib  lias  to  be  sutlicieutlv  nariow  to  snap  oil  eusilv  and 
ichablv  at  its  base  I  o  help  detennine  an  optumun  value  ol  It’,  some  model  tests  wete  made 
with  Iro/en  silt  (sec  Appendix  Hi.  and  it  was  decided  that  a  workmp  value  ot  I  It'  i  )  ,/ 

(t  '  could  be  adopted  where  <1  is  the  depth  ot  the  sawcut 

lukiiipw  3  7  ui  and  i/  12  in  as  representative  values  lot  the  Id"1  v  tests.  It'  Ibui 
and  ellcctive  values  ot  specific  eneipv  lot  bulk  excavation  /  r  could  theretoie  have  been 


I  at  ine  overall  values  ol  /  v  based  on  ptoss  machine  power 

/  r  -'47/  |(l'  Kht  «  It)2  Ibt  in  :  toienni/ 

I  ^  /  I  k  •  10*  hits  /  |U:  Ibl  ill  '  lot  sill 

•  Id  7 

/Voreu  values  based  on  net  cuttinp  powei  could  be  taken  as  about  20  lowet  than  the 
above  values 

lliexc  values  ol  /(  ate  lalil)  allrac live,  altliouph  lliev  aie  imt  vet  competitive  with  the 
best  values  ot  specdic  euerpv  that  have  been  attained  hv  knee  tippets  workmp  in  favorable 
c  onditn  >ns. 
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TOOTH  AND  WHEEL  FORCES 

Forces  acting  on  individual  cutting  teeth  and  on  the  cutting  wheel  as  a  whole  have  pie 
viously  been  analyzed  (Appendix  A  I,  and  values  for  the  Vermeer  saw  can  be  estimated 
from  the  resulting  equations. 

Resultant  tangential  force  acting  on  the  rim  of  the  disc 

Wheel  torque  can  be  estimated  from  the  shaft  power  and  the  .otational  speed,  and  from 
the  torque  a  tangential  rim  force  Ft  can  b  .*  obtained  If  shaft  power  is  taken  as  80  >  of  the 
rated  power  at  the  governed  engine  speei' ,  Ft  for  a  wheel  speed  of  44  rpin  is  2070  Iht 

Tangential  tooth  forces 

The  gross  rim  force  h ,  is  distributed  among  the  working  cutting  teeth  according  to  the 
layout  of  the  teeth  on  the  wheel  and  to  the  positions  of  individual  teeih  relative  to  the 
work.  The  maximum  time-averaged  vaiue  of  the  tangential  tooth  force. /,m  .  is  reached 
as  the  individual  tooth  takes  us  deepest  bite  on  exit  from  the  work  *  Neglecting  differences 
of  loading  between  gauge  cutlers  and  center  cutters. for  the  If  73  v-heel  can  be  esti¬ 
mated  as 

f[mti  =  0.1  33  F,  =  275  Ibf  for  J/R  =  0.75 

/imtt  =  0.33b  f,  =  bfblbt  for  J/R  =  0.15. 

It  should  be  noted  that  tooth  force  increases  as  cutting  depth  decreases  when  full  power 
is  being  supplied  to  the  wheel  (f,  has  to  be  shared  among  fewer  teeth  at  smaller  cutting 
depths),  so  that  there  is  more  danger  of  breaking  teeth  when  the  wheel  is  making  shallow 
cuts. 3  Caution  might  dictate  a  reduction  of  power  when  the  saw  is  sumpmg-tn  for  the  start 
of  a  run. 

Radial  tooth  forces  * 

Within  the  normal  range  of  operating  conditions,  the  radial  component  of  t<  oth  force 
can  be  taken  as  proportional  to  the  tangential  component  at  any  given  time.  The  ratio 
of  radial  to  tangential  force  components  A'  is  typically  about  I  for  a  sharp  new  pick  with 
adequate  relief  angle,  but  it  can  use  to  values  as  high  as  4  when  the  pick  has  become  blunted 
by  wear. 

Wheel  axle  forces 

The  axle  forces  on  the  wheel  can  be  expressed  as  horizontal  and  vertical  components 
H  and  V  respectively.  For  a  given  torque  level,  //  and  V  depend  on  the  lelative  cutting  depth 
J/R  and  the  tooth  characteristic  A.  Some  calculated  values  of  H  and  V  for  "upmilling"  are 
given  in  Table  XI. 


*  Time-averaged  values  ut  probably  rrallabc  for  a  very  compliant  cutting  ayaltia,  but  with  a  "rigid" 
tyalam  peak  forcea  could  be  almoet  an  order  of  magnitude  higher  than  the  mean  v  a  tort, 
t  Thia  aaaumea  a  compliant  tyalem  and  Ihe  potential  to  draw  full  torque. 
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Tabic  XI.  Estimated  values  of  axle  forces  for  various  cutting  conditions. 
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rite  unpoitant  tilings  to  note  here  are  the  change  in  relative  importance  of  horizontal 
jiui  vertical  components  with  cutting  depth,  and  the  general  increase  of  lorce  levels  as  tlr 
hits  wear  When  cutting  deep  with  worn  hits,  the  wheel  has  to  exeil  a  high  downtluiist. 
and  at  the  same  time  the  tracks  have  to  provide  high  horizontal  lorce.  According  to 
Table  X.  track  slip  occurred  on  some  surfaces  (snow-covered  ice)  at  a  drawbar  coefficient 
ol  0.48,  Taking  a  somewhat  simplistic  approach  and  suhtra'  ’ing  the  vertical  axle  lorce  V 
trom  the  vehicle  weight  to  obtain  an  effective  weight  (i.e.  neglecting  the  moment),  this 
means  that  with  I"  =  .V>9()  Ihl  the  vehicle  could  reach  the  limit  of  its  tractive  thrust  at 
(i(KK)  Ihl.  which  is  below  the  required  horizontal  thrust  II  -  7 2 TO  Ihl.  Thus  the  tractive 
capabilities  ol  the  vehicle  could  set  a  performance  limit  under  some  circumstances. 

It  might  be  noted  that  the  operating  practice  ol  increasing  wheel  speed  (Selecting  higher 
gear)  to  smooth  out  ;crk\  cutting  amounts  to  decreasing  the  value  ol  /  ,  at  lull  engine 
power,  thereby  lowering  tooth  and  axle  forces. 


CONCLUSIONS 

A  large  disc  saw  m  adequate  strength  and  rigidity  is  capable  ol  cutting  most  types  ol 
frozen  soils  at  reasonably  high  rate*  when  fitted  with  suitable  teeth.  Tins  capability 
could  be  useful  where  precise  control  ol  excavations  is  necessary  or  desirable.  Some  exist¬ 
ing  i  mu  icrcial  disc  saws  aie  satisfactory  in  general  mechanical  design,  but  the  cutting  teeth 
normally  fitted  are  unsuitable  for  work  in  coarse  frozen  gravels,  concrete  with  hard  aggregate, 
or  other  high  strength  materials.  The  latter  problem  has  been  fully  overcome  by  develop¬ 
ments  at  CRRI  L,  although  further  optimization  seems  possible.  In  terms  of  performance, 
energetics  and  economics,  development  of  disc  saw  attachments  for  engineer  tractors  might 
be  justifiable. 

On  the  basis  ol  tests  performed  so  lar,  process  specific  energy  for  sawing  is  around  4  X 
I01  Ibf/in . J  for  well-bonded  coarse  frozen  gravel,  and  around  1.5  X  10*  Ibf/in.*  for  wcll- 
bondeJ  compact  Iro/en  silt .  Overall  specific  energy  based  on  gross  power  depends  on  the 
details  of  machine  design,  but  for  a  reasonably  efficient  machine  using  a  mechanical  trans¬ 
mission,  overall  values  would  probably  be  I  (XX  to  209f  higher  than  the  numbers  given  above. 

I  or  bulk  excavation  by  the  kerf-and-rib  technique,  effective  specific  energy  can  be  reduced 
appreciably ,  with  a  sawcut  depth/width  ratio  of  8,  effective  specific  energy  is  lower  than 
the  sawing  energy  by  a  factor  of  5. 
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1  listing  commerical  saws  arc  capable  ol  cutring  slots  30  in.  01  more  deep  at  linear  speeds 
around  1  5  tt/min  in  frozen  silt,  and  around  5  lo  (>  It /min  in  frozen  gravel.  Perlorniance 
limits  on  cutting  rate  tend  to  be  set  by  force  limitations  rather  than  by  power  inadequacies, 
and  force  levels  are  in  turn  strongly  influenced  bv  the  design  and  condition  of  the  culling 
teeth.  As  the  teeth  are  blunted  by  wear,  the  horizontal  force  requirements  may  exceed 
the  tractive  capabilities  of  the  carrier  vehicle  on  certain  kinds  of  running  sm  laces. 

Tire  standard  cutting  teeth  used  by  all  niakcis  of  commercial  saws  at  the  time  o!  the 
fRRl  L  tests  gave  acceptable  cutting  performance  in  terms  of  rate  and  specific  energy,  but 
their  durability  was  pidged  to  be  completely  unacceptable  for  work  in  frozen  gravel  Wear 
rat  in  well-bonded  coarse  Irozen  gravel  appeared  to  be  equivalent  lo  loss  of  a  complete 
set  of  teeth  in  40  ft 5  of  cutting.  Modifications  developed  at  CRRI I  during  the  course  of 
the  test  program  produced  a  dramatic  improvement  in  cutler  durability,  wear  rate  lot  the 
wheel  dropping  by  a  factor  greater  than  10,  >nd  possibly  by  a  factor  ol  100,  without  any 
increase  in  <.  >st  This  development,  which  might  be  considered  the  major  achievement  ol 
the  project,  brings  cutter  costs  to  a  tolerable  level,  although  culler  cost  could  still  dominate 
die  total  machine  operating  cost  for  continuous  working  in  coarse  Irozen  gravel. 

If  necessary,  disc  saw  attachments  lot  military  engineer  tractors  could  be  developed. 
Operating  characteristics,  power  requirements,  and  force  levels  arc  probably  compatible 
with  an  attachment  mounting  one  or  two  discs  and  driving  through  a  mechanical  trails 
mission  from  the  power  takeoff  ol  a  crawler  tractor  that  has  hydraulic  track  drive. 
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hensive  mechanical  analysis,  hut  the  latter  is  not  yet  reads  lor  publication,  and  therefore 
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MECHANICS  OF  TRANSVERSE-ROTATION  CUTTING  DEVICES 

by 

Malcolm  Me I lor 

Introduction.  This  note  explores  simple  basic  relationships  for  the 
mechanics  of  rotary  cutting  devices  that  advance,  or  traverse,  in  a 
direction  that  is  normal  to  the  axis  of  rotation.  The  Immediate 
motivation  for  the  work  arises  from  interest  in  the  design  and  operation 
of  disc  saws  and  rotary  excavators  for  cutting  rock  and  frozen  ground, 
but  the  same  principles  apply  to  a  wide  range  of  cutting  and  milling 
tools,  including  certain  types  of  rotary  snowplows.  The  analysis  does 
not  attempt  to  cover  the  mechanics  of  devices  that  advance  in  a  direction 
parallel  to  the  axis  of  rotation,  as  in  typical  drills  and  full-face 
tunnel  boring  machines. 

In  the  first  section,  kinematic  relations  derived  from  tool  geometry 
and  drum  velocities  are  considered.  In  the  second  section  some  simple 
dynamic  relations  are  derived.  In  the  third  section  some  relevant  energy 


and  power  considerations  are  outlined. 


I.  KINEMATIC  RELATIONS 


Performance  limits  for  rotary  excavators  and  tunnel  boring  machines  are 
conmonly  set  by  dynamic  or  energetic  limitations,  but  when  such  machines  are 
working  in  relatively  weak  materials  it  is  quite  possible  for  performance 
limits  to  be  set  by  kinematic  factors.  For  example,  at  a  certain  mine 
visited  by  the  writer  a  boring  machine  was  achieving  high  driving  rates  in 
a  rather  weak  rock,  but  the  cutters  of  the  machine  were  suffering  excessive 
wear;  a  simple  calculation  showed  that  the  inherent  geometric  limits  of  the 
machine  were  being  exceeded,  and  consequently  the  whole  body  of  each  cutter 
was  being  forced  into  uncut  rock.  The  primary  purpose  of  this  section  is  to 
examine  kinematic  relations  and  limits  for  transverse-rotation  cutting 
machines.  The  secondary  goal  is  to  explore  the  effects  of  various  tool 
arrangements  on  the  cutting  process. 

This  analysis  is  applicable  to  machines  that  have  a  cutter  drum,  bucket 
wheel,  or  disc  saw  that  rotates  about  a  horizontal  axis  set  normal  to  the 
direction  of  travel.  The  direction  of  rotation  is  usually  such  that  the 
cutters  move  upward  on  the  forward  face  of  the  drum.  In  normal  operation 
the  base  of  the  drum  is  set  at  some  fixed  distance  below  base  level  of  the 
running  wheels  or  tracks,  and  the  machine  travels  forward  as  the  drum  rotates. 
The  first  problem  is  to  develop  relationships  between  machine  travel  speed, 
excavation  r&te,  drum  speed,  drum  diameter,  cutter  height,  cutter  spacing, 
and  cutting  depth. 
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Chip  thickness  or  "depth  of  bite" 

Consider  a  cutting  tool  (drag  bit)  at  position  A  in  Figure  1.  The  drum 
is  rotating  at  f  revolutions  per  unit  time,  and  if  there  are  n  cutters 
evenly  spaced  around  the  periphery  at  a  given  cross  section,  then  the  cutter 
at  A  will  be  replaced  by  the  following  cutter  at  the  same  angular  position 
after  a  time  interval  of  1/fn.  The  whole  drum  is  moving  forward  horizontally 
at  velocity  U,  and  therefore  in  the  time  interval  1/fn  it  will  move  a 
horizontal  distance  U/fn.  Thus  a  cutter  newly  arriving  at  A  will  extend  into 
uncut  material  a  horizontal  distance  U/fn.  The  radial  penetration  into  uncut 
material,  l.e.  the  theoretical  radial  chip  thickness  /,  is 

y  ■  7-  sin  6  (1) 

fn 

and  the  maximum  value  of  chip  thickness  for  a  given  set  of  drum  conditions  is 


where  d  is  cutting  depth  and  R  is  overal  drum  radius  (measured  to  cutter 
tips) . * 

In  practice,  maximum  chipping  depth  P  is  limited  geometrically  by 

max 

the  projecting  length  of  the  cutters  (from  the  drum  face  or  from  broad  shanks) 

*  This  is  really  a  simplification  for  a  rapidly  rotating  multi-cutter  drum. 

A  more  exact  analysis  is  obtained  from  consideration  of  tooth  trajectories. 


by  the  radial  extent  of  carbide  tips  or  hardfacing,  or  by  some  similar 
factor.  If  the  maximum  working  extent  of  the  cutting  tool  in  the  radial 
direction  is  h,  then  a  kinematic  limit  is  set  by  the  condition 


Condition  (3)  is  shown  in  dimensionless  form  in  Figure  2,  where  jf  /h 

max 

is  plotted  against  d/R  with  (U/fnh)  as  parameter.  Since  in  normal  practice 
d/R  <1.0,  it  can  be  seen  that  the  kinematic  limit  for  machine  performance 
is  only  likely  to  be  reached  when  U/fnh  >  1.0.  For  example,  if  a  machine 
is  being  run  with  its  drum  set  to  a  cutting  depth  equal  to  257.  of  the  drum 
diameter,  d/R  ■  0.5  and  from  condition  (3)  the  limiting  value  of  U/fnh  (for 
/raa x/h  “  1.0)  is  1.15.  If  f  *  30  rev/min,  n  ■  24  tracking  cutters,  h  *  0.1  ft, 
the  limit  of  forward  speed  set  by  kinematic  factors  is  83  ft/min. 

For  one  machine  of  current  interest  (the  UMM  Mark  III  planer)  the 
following  values  might  apply:  f  *90  rev/min,  R  ■  19.9  in.,  u  *9  in., 
n  *  3,  hmax  ■  0.5  in.  or  1.0  in.  (depending  or.  the  cutters  used).  This,  if 
there  is  adequate  drum  power,  the  maximum  forward  speed  at  maximum  cutting 
depth  is  16  ft/min  or  32  ft/min,  depending  on  which  cutters  are  used. 
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Excavation  rate  as  *  function  of  cutting  depth 

It  is  also  interesting  to  consider  the  relation  between  maximum  excavation 
rate  and  cutting  depth.  Excavation  rate  per  unit  drum  width,  V,  is 

1/  -  U  d  (4) 

The  maximum  excavation  rate  at  any  given  cutting  depth  is  given  in  dimension¬ 
less  form  by 


■  (?•■)' 


where  is  the  volumetric  excavation  .ate  at  d  ■  R.  Eq  (5)  is  plotted  in 
Figure  3. 

Lateral  tool  se  ttln«s 

On  wide  cutter  drums,  the  teeth  are  not  usually  set  in  straight  lines 
along  generators  like  the  vanes  of  a  paddle  wheel,  but  Instead  they  are  set 
in  helical  patterns.  One  important  reason  for  this  is  that  serious  vibrations 
would  be  set  up  by  simultaneous  impact  of  a  row  of  teeth.  It  can  also  be  seen 
from  a  cor. - ideration  of  tooth  trajectories  that  vibrations  are  caused  by 
intermittent  action.  Another  reason  is  that  helical  setting  can  provide 
scrolls  for  lateral  transport  of  cuttings.  However,  from  the  standpoint  of 
cutting  efficiency  it  seems  that  one  of  the  most  Important  reasons  for 
staggering  the  teeth  is  formation  of  an  extra  free  face  for  breakage. 

[ 

\  "  V 


l 


IN 


Suppose  chat  m  teeth  are  spaced  uniformly  across  the  width  of  a  drum 
along  one  single  wrap  helix,  and  assume  that  the  effective  cutting  width 
of  one  tooth  is  l/m  times  the  drum  width.  Since  each  tooth  lags  behind 
its  neighbor,  and  the  drum  is  moving  forward  horizontally,  the  face  of  the 
cut  will  be  stepped,  with  m-1  "steps,"  or  new  free  faces,  in  the  vertical 
plane  and  along  the  direction  of  travel.  If  there  is  more  than  one  single 
wrap  helix  on  the  drum,  the  first  steps  cut  by  one  helix  will  be  chipped 
away  by  the  following  helix  while  the  last  steps  are  still  being  cut,  and 
thus  the  number  of  steps  in  existence  at  any  given  instant  will  be  less 
than  m-1. 

The  time  interval  tj  between  successive  passes  of  tracking  cutters 
through  a  given  angular  position  0  is: 

tx  -  1/fn  (6) 

(note  that  n  can  now  be  identified  with  the  number  of  helices).  The  time 
interval  t2  between  passes  of  diagonally  adjacent  teeth  through  angular 
position  0  is: 


t 


2 


3  tanoc. 
2WRf 


(7) 


where  p  is  the  peripheral  distance  between  diagonally  adjacent  teeth,  s  is 
the  lateral  spacing  between  teeth,  and  OC  is  the  helix  angle  (measured  from 
a  generator  of  the  drum  surface).  If  t^  ■  t2>  no  step  will  be  formed;  in 
general,  the  number  of  steps  in  existence  at  any  given  time,  N,  is: 


"  tl/t2 


2irn 


N 


1 


ns  tanoc 


l 


(8) 


A  fractional  step  means  one  smaller  than  the  full  step  depth  for  a  single 


helix,  while  a  negative  result  means  that  the  steps  form  in  the  opposite 
direction  from  the  steps  formed  by  a  single  helix.  If  the  helices  are 
"single  wrap,"  i.e,  each  helix  makes  one  complete  revolution  in  the  width 
of  the  drum,  then 

(m  -  1)  s  tan  oc  2?TR  (9) 


and 


n 


(10) 


More  generally,  if  each  helix  makes  M  revolutions  in  the  width  of  the  drum 

N  lElil  (11) 

Mn 

The  approximation  in  these  equalities  relates  to  the  exact  disposition  of 
the  outermost  cutters. 

It  seems  important  to  design  the  drum  so  that  there  is  always  at  least 
one  full  step  in  the  positive  or  negative  direction,  i.e.  so  that 

(12) 

If  one  or  more  steps  are  formed,  the  radial  height  of  the  step  between 
the  tracks  of  diagonally  adjacent  cutters  is 


s  U  tanCX  sin  0 
27TR  f 


(13) 


in 


It  is  probabi  ■  desirable  to  havi  tin  slip  height  at  least  equa*  to 
tlu  chipping  depth  lor  the  following  tool  (as  given  by  eq.  1),  i.e. 

//-/  >  1 

or 

sjn_tan_gc  ,  (14) 

27TR  ^ 

or 
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It  is  al  so  likely  that  there  is  an  optimum  ratio  of  step  height  to 
step  width  (step  width  is  the  effective  cutting  width  for  one  tool,  assumed 
here  to  be  equal  to  the  lateral  tool  spacing  s).  However,  while  step  width 
is  a  constant  for  a  given  drum,  step  height  varies  with  angular  position  of 
the  tool,  so  that  the  ratio  must  vary  from  zero  at  0  =  0  to  a  maximum  value 
at  0  ■  cos'*  (1  -  d/R).  Since  brittle  materials  tend  to  break  into  equant 
fragments,  an  intuitive  guess  might  bi  that  step  height  should  be  approximately 
equal  to  step  width,  i.e.  JP  <&■  s.  This  condition  satisfies  the  requirement 
for  minimum  specific  surface  is  s  is  allowed  to  vary  (in  the  design  stage) 


so  as  to  keep  the  swept  volume  for  each  tooth  constant  (the  consideration 
changes  if  s  is  fixed).  If  it  is  assumed  that  A  and  also  that  the 

maximum  values  of  ^  or  ^should  be  greater  than  or  equal  to  s,  then  eq.(2) 
Ki  ves  the  condition 


s  4  sin  ^cos‘*  (1  -  d/R)| 


or 


(15) 
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Comparing  condition  (15)  with  condition  (3),  and  recognizing  that  it  is 
unlikely  that  h  would  be  greater  than  s,  it  appears  that  compatibility  is 


most  easily  established  by  taking  h  ■  s  (a  result  that  can  be  deduced  directly 
from  the  assumption  that  step  height  equals  step  width).  Thus  it  seems  that, 
for  a  suitably  designed  drum,  maximum  traverse  speed  is  also  optimum  traverse 
speed  for  most  efficient  cutting,  and  tin  applicable  criterion  is 

5  ■  h  ■  h  sin{cos'1  •  r  ■  _j)  ,I6) 

hq.  (lb)  is  plotted  in  dimensionless  form  in  Figure  4. 

When  cutting  tools  are  arranged  on  a  drum  in  helical  patterns,  one-way 
wrapping  of  the  helices  will  almost  certainly  give  rise  to  a  net  lateral 
force  on  the  drum,  and  this  will  have  to  be  resisted  by  the  drum  mountings 
and  the  carrying  machine.  The  cutting  tools  will  also  tend  to  wear  prefer- 
mtially  on  one  side.  If  there  is  a  continuous  web  between  pick  boxes,  the 
hi  1 ici  s  will  transport  cuttings  to  one  side  of  the  drum  and  then  will  be 
a  concentration  gradient  across  the  width  of  the  drum.  For  all  of  these 
reasons  it  seems  desirable  to  consider  setting  the  cutting  tools  in  chevron 
patterns,  i.e.  along  two  sets  of  helices  wrapping  in  opposite  directions 
from  the  center  section  of  the  drum.  In  this  way  there  would  be  zero 
lateral  force,  cutters  could  be  interchanged  periodically  to  balance  the 
wear,  and  material  could  be  transported  laterally  over  a  shorter  distance. 


either  to  both  sides  of  the  drum  or  to  the  center. 
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Tooth  trajectories 

In  calculating  chipping  depth  as  a  function  of  angular  position  it  is 
convenient  to  use  an  origin  of  coordinates  that  moves  horizontally  with  the 
wheel  at  velocity  U.  If  the  trajectory  of  each  tooth  relative  to  the  rock 
is  of  interest,  then  the  origin  must  be  fixed  relative  to  the  rock. 

Consider  the  motion  of  a  single  tooth  after  it  enters  the  work  at  a 

point  directly  beneath  the  axle  of  the  wheel.  Take  as  origin  the  point  on 

the  rock  where  the  tooth  starts  its  sweep  through  the  work.  After  the  wheel 

has  rotated  through  an  angular  distance  6,  the  tooth  has  progressed  vertically 

through  a  distance  R(l-cos  6),  and  has  progressed  horizontally  a  distance 

(U  8/«i/  +  R  sin  8),  where  to  (-  2  ?Tf)  is  the  angular  velocity  of  the  rotor. 

If  the  upmllllng  rotor  is  more  than  axle  deep  in  the  work,  i.e.  d/R  >  1  and 

8  >90°,  the  value  of  R  sin  8  decreases  progressively  as  8  Increases  in  the 

second  quadrant.  Horizontal  extent  of  the  tooth  trajectory  reaches  a  maximum 

when  cos  8  -  ~U/U)R,  and  the  trajectory  starts  to  loop  back  against  the 

machine's  traverse  direction  when  U)R  cos  8  is  numerically  greater  than  U. 

If  the  wheel  is  climb  milling,  i.e.  rotating  in  the  opposite  sense  to  that 

shown  in  Fig.  1,  and  d/R  <  l,  then  the  tooth  trajectory  is  the  same  as  the 

last  part  of  the  trajectory  for  an  upmllling  rotor  with  d/R  »  2  (slot  milling); 

if  the  point  of  exit  is  taken  as  origin,  the  upmllllng  expressions  hold  with 

(180°  -  8)  substituted  for  8.  The  equation  of  the  locus  for  the  tooth  tip 

on  an  upmllllag  rotor  (taking  point  of  entry  as  origin)  is 

n  8 

x  ■  yry  +  R  sin  9 
y  ■  R(1  -  cos  8) 
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Fig.  5  shows  tooth  trajectories  for  a  range  of  values  of  U/2  >TfR,  for 
both  upmilling  and  climb  milling.  When  the  value  of  U/2/Tf  is  high,  the  toote 
tends  to  make  a  long  forward  sweep,  but  when  U/2  ^Tf  is  small  the  tooth  comes 
close  to  sweeping  through  a  circular  arc.  Typical  values  of  U/27TfR  for 
rock-cutting  machines  are  in  the  range  0.01  to  0.1,  so  that  the  tooth  sweep 
is  almost  circular. 

If  9max  ^  2  )T/n  a  complete  tooth  trajectory  can  be  traced  out  by  a 
working  cut,  but  if  ^max  <1  2  V/n  the  trace  left  by  one  tooth  is  being  cut  by 
the  next  tooth  before  the  complete  sweep  is  finished.  It  is  easy  to  see  that 
serious  vibrations  would  be  set  up  with  9max  if  some  damping  arrange¬ 

ments  were  not  made.  Probably  the  simplest  way  of  smoothing  out  these  potential 
vibrations  is  to  set  laterally  adjacent  cutters  along  helical  paths. 

Tooth  relief  angles 

When  a  tooth  is  cutting  the  surface  left  by  the  previous  tooth  pass  it 

follows  a  path  that  is  not  perfectly  parallel  with  the  surface  to  be  cut. 

This  effect  can  be  seen  by  taking  two  :  leutical  tooth  trajectories  from  Fig.  5 

and  setting  them  apart  by  a  horizontal  distance  equivalent  to  the  horizontal 

travel  of  the  machine  in  the  time  taken  for  successive  passes  of  tracking 

★ 

teeth  through  the  same  angular  position.  If  the  shoulder  of  the  cutting 
tool  behind  the  cutting  edge  is  exactly  tangential,  it  will  grind  against 
uncut  material  and  impede  penetration  of  the  cutting  edge.  Thus  the  shoulder 

*  This  exercise  illustrates  a  theoretical  shortcoming  of  eq  (1),  as  it  shows 
that  is  finite  at  9  =  0  and  9  ■  180°. 
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behind  the  cutting  edge  is  usually  cut  back  to  give  a  relief  angle,  or 
clearance  angle,  that  keeps  it  clear  of  uncut  material. 

The  minimum  or  theoretical  relief  angle  ^  is  given  by  the  difference 
between  the  slope  of  the  tooth  trajectory  and  the  slope  of  the  tangent  to 
the  rotor.  The  slope  of  the  tooth  trajectory  is  obtained  from  eq.  (17): 

-  - sia...g -  (is) 

dx  U/R£0  +  cos  0 


and  therefore 


P  -  e  -  ta"'‘  7sr9j  <19) 

The  critical  value  of  6  where  ^  reaches  its  maximum  value  for  the  swing, 

i  - 1 

given  by  <$pl &  6  m  0,  is  cos  (-t'/R&)).  This  is  in  the  second  quadrant, 
and  is  never  reached  when  d  <1  R.  If  d  ^.R,  the  maximum  value  of  occurs 

at  0max.  l.e.  0  *  cos‘*"(l  -  d/R).  The  following  are  maximum  values  of  ^ : 

Maximum  for  complete  180°  cut  ^  ■  cos*  *  (-U/R&))  -'fT/l  (20a) 

/l  sin 

=  9max  *  tan'  U/R4)+  cos  0 -  (20 

max 

,  J- 


Maximum  when  d  R 


(20b) 


in  which  0m_v  ■  cos*^(l  -  d/R). 


An  example  can  be  worked  for  the  cutting  drum  considered  in  the  discussion 
of  chip  thickness,  i.e.  taking  f  ■  90  rev/min,  R  *  19.9  in.,  dmax  ■  9  in., 
and  U  ■  32  ft/min.  With  these  values  the  minimum  required  clearance  angle 
is  1.6°,  to  which  should  be  added  a  further  allowance  for  irregular  chipping 
and  intermittent  tooth  penetration.  The  machine  is  actually  built  with  a  7^° 


clearance  angle. 
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II.  SIMPLE  DYNAMIC  RELATIONS 


In  the  preceding  section,  kinematic  relations  pertaining  to  design  and 
operation  of  drum  cutters  and  disc  saws  were  developed.  It  is  also  important 
to  consider  the  dynamics  of  these  rotary  tools,  since  tool  force  usually 
sets  the  upper  limit  for  the  strength  of  material  that  can  be  cut  economically. 
Instrumentation  of  cutting  teeth  to  provide  force  data  is  awkward  and  expensive, 
since  some  telemetry  is  usually  required.  However,  a  few  useful  relations  can 
be  developed  from  very  simple  dynamic  considerations. 


Torque  Resistance 

The  main  requirement  is  for  estimates  of  time-averaged  tool  forces, 
and  their  variation  with  cutting  depth,  tooth  spacing,  etc.  Other  require¬ 
ments  include  investigation  of  the  forces  acting  on  the  axle  of  the  drum  or 


wheel. 

The  torque  of  a  wheel  or  drum  has  an  upper  limit,  the  stall  torque,  Tmax, 
which  may  be  preset  by  some  torque- limiting  device  on  the  machine.  The 
absolute  upper  limit  of  T^^  is  set  by  the  peak  power  of  the  drive,  Pmax> 
and  the  agular  velocity  of  the  wheel  or  drum,  : 


T 


max 


P 

max 

CO 


(21) 


T  can  also  be  expressed  in  terms  of  the  maximum  time-averaged  value  of 
max 


*  A  paper  on  the  cutting  of  rock  or  frozen  soil  with  disc  saws  has  been 

published  by  Nalezny  (1971),  but  since  its  results  are  based  on  unconfirmed 
assumptions  concerning  the  fundamental  cutting  mechanism  a  simpler  approach 
is  followed  here. 
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the  resultant  tangential  force  acting  on  the  active  segment  of  the  periphery 
of  the  wheel  or  drum  (Ft): 


T  -  F  R 
max  t 


(22) 


where  R  is  the  radius  of  the  wheel  or  drum  (see  Fig. 1*1).  Hence,  Ft  can  be 
written  as: 


KP  K  P 

p  „  _ max  _ max 

t  CO  R  2WN  R 


(23) 


where  N  is  the  wheel  or  drum  speed  in  revolutions  per  unit  time  and  K  is  a 

factor  which  gives  the  percentage  of  peak  power  at  which  stall  occurs. 

To  get  an  ideas  of  actual  magnitudes,  calculations  can  be  made  for  some 

machines  that  have  been  used  in  recent  tests.  For  the  Vermeer  saw,  P 

max 

can  be  taken  as  78  horsepower,  N  as  20  rev/min  (3rd  gear),  and  R  as  3.5  ft. 
For  purposes  of  illustration,  K  can  be  taken  as  0.6,  i.e.  stall  at  60%  of 
installed  power,  since  some  of  the  installed  power  is  used  for  vehicle 
propulsion  and  there  are  losses  in  drive  trains.  Thus, 

p  >  0.6  x  78  x  3.3  x  10^  .  3,510  lbf 

1  2  rr  X  20  X  3.5 

On  some  tests  of  the  UMM  Mark  III  planer,  limiting  drum  torque  was  measured 
from  the  hydraulic  circuits  as  9,400  lbf-ft  with  a  drum  of  1.64  ft  radius. 
This  indicates  a  value  of  Ft  ■  5,730  lbf. 

The  next  step  is  to  estimate  how  Ffc  is  shared  among  the  teeth  that  are 


cutting. 
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Tooth  Forces  and  Axle  Forces 

As  a  first  approximation,  assume  that  the  active  teeth  are  all  equally 
loaded,  i.e.  the  tangential  loading  of  each  tooth  remains  constant  throughout 
its  active  sweep.  The  length  of  the  active  perimeter  that  is  involved  in 
cutting,  S,  is  determined  by  the  drum  radius  R  and  the  cutting  depth  d: 


S  ■  R  cos"1  (1  -  d/R)  (24) 

If  all  active  teeth  are  equally  loaded,  the  distribution  of  Ft  over  the 
active  segment  is 


K  P 


max 


—  “  - 5 - ; -  (25) 

S  WU  Rz  cos'1  (1  -  d/R) 

If  there  are  n  tracking  cutters  on  the  drum  or  wheel,  and  tangential  force 
is  uniformly  distributed  across  the  width,  the  maximum  value  of  the  time- 
averaged  tangential  force  per  cutter,  ft,  is 


2  YT  F, 


K  P, 


max 


m 


n  cos"1  (1  -  d/R)  m  n  R  N  cos"1  (1  -  d/R) 


(26) 


where  m  is  the  number  of  rings  of  tracking  cutters  set  across  the  width 
of  the  drum  or  wheel  (i.e.  mn  is  usually  equal  to  the  total  number  of  useful 
cutters  on  the  srum  or  wheel).  There  is  a  restriction  on  eq.  (26)  for  wide 
cutter  spacing  and  shallow  cutting  depth,  i.e.  2  PT/mn  ^cos"1  (1  -  d/R). 

From  eq.  (26)  it  can  be  seen  that  the  peak  (stall)  load  per  cutter 
decreases  as  the  cutting  depth  increases,  and  also  decreases  as  the  number 
of  cutters  on  the  wheel  or  drum  increases.  Actually,  it  is  somewhat 
unrealistic  to  assume  that  all  cutters  are  uniformly  loaded,  but  the  resulting 
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calculation  is  so  simple  that  it  provides  a  reliable  estimate  of  the  general 
magnitude  of  tooth  forces.  The  next  step  in  calculation  is  to  account  for 
systematic  variation  of  tangential  tooth  for  :e  through  the  length  of  the 
working  stroke. 

For  the  second  approximation,  ignore  the  high  frequency  repetitive 
force  fluctuations  that  correspond  to  discrete  chipping  stages  in  the  cutting 
sequence,  and  consider  only  the  systematic  variation  of  tangential  force 
with  position  in  the  active  sector.  It  will  be  assumed  that  tangential  tooth 
force  is  directly  proportional  to  chip  thickness  at  any  given  cutting  stage. 
Since  there  is  virtually  no  radial,  or  normal,  stress  on  the  uncut  material, 
this  is  equivalent  to  assuming  that  the  area  of  shear  surface  for  each  chip 
is  proportional  to  chip  thickness,  which  is  merely  an  expression  of  geometric 
similitude  for  a  two-dimensional  situation.  The  assumption  is  supported  by 
rest  data  by  Barker  (1964),  who  tested  full  size  picks  in  sandstone. 

In  the  preceding  section,  where  kinematic  relations  were  analyzed,  it 
was  shown  that  an  "upcutting"  wheel  or  drum  takes  a  bite  that  increases  the 
chip  thickness  from  zero  at  point  of  entry  to  a  maximum  at  point  of  exit 
(provided  that  cutting  depth  is  less  than  the  wheel  radius,  as  is  usually 
the  case).  Thus,  under  the  current  assumption,  tangential  tooth  force  ft' 
would  vary  from  zero  at  point  of  entry  to  a  maximum  at  point  of  exit,  with 
ft'  proportional  to  sin  9  at  intervening  positions.  When  tangential  force 
is  averaged  across  the  width  of  the  drum  or  wheel,  tangential  force  per  unit 
angle,  pt,  is  proportional  to  sin  9,  and  the  proportionality  constant  is 
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In  considering  the  distribution  of  pt  among  the  cutting  teeth,  the  tooth 
pattern  has  to  be  taken  into  account.  If  adjacent  rings  of  tracking  cutters 
are  staggered  relative  to  each  other,  they  can  be  considered  as  equivalent 
to  a  single  tracking  ring  provided  that  there  is  uniform  angular  spacing 
between  the  teeth.  Rings  of  tracking  cutters  that  run  parallel  with 
synchronous  teelh  (i.e.  teeth  in  different  rings  lie  along  common  generators) 
can  be  assumed  to  share  the  tangential  force  equally.  For  these  reaso/s, 

Ft  is  assumed  to  be  partitioned  between  m*  equivalent  rings  of  parallel 
cutters,  where  m'  is  an  integer  representing  the  number  of  lateral  repetitions 
of  synchronous  teeth.  If  there  are  n  cutters  in  each  equivalent  ring,  one 
cutter  accounts  for  an  angular  distance  of  2  ^/n ,  and  the  maximum  value  of 


ft'  is  achieved  during  the  final  cut  from  (9max  -  2  tT/n)  to  6^: 

J?max 


f  '  ■  ^^ax 

tmax  m*  sin  9^^ 


sin  6  d9 


cos  6max  (cos  2W/n-l)+sin2>»yn 


(®max"^ 


(R/d  -  l)(cos2Wn-l)  +  (2R/d-l)?  sin2Wr 


Eq .  (28)  can  only  be  applied  when  0  2Ttfn ,  i.e.  when  d/R  :>  (1  -  cos277/n). 

luSX 


si) 


This  is  because  the  equation  does  not  account  for  intermittent  tooth  contact. 
Figure  6  gives  the  trends  of  eq.  (28)  in  dimensionless  form. 

Even  before  any  numerical  results  are  calculated,  eq.  (26)  and  eq.  (28) 
have  some  interesting  implications.  Of  particular  interest  is  the  indication 
that  teeth  are  most  vulnerable  at  shallow  cutting  depths,  where  the  entire 
stall  torque  can  be  thrown  on  to  one  tooth  if  the  material  being  worked  is 
sufficiently  resistant.  By  contrast,  when  the  drum  or  wheel  is  cutting  deep, 
the  torque  resistance  is  shared  by  many  teeth.  This  is  perhaps  only  a  common- 
sense  deduction,  but  it  does  conflict  with  the  intuition  of  some  equipment 
operators,  who  are  afraid  that  deep  cutting  will  be  more  likely  to  damage 
the  equipment.  While  there  could  be  other  practical  considerations,  such  as 
bearing  problems  or  drive-train  weaknesses,  practical  experience  tends  to 
support  the  view  that  cutting  teeth  are  most  vulnerable  in  shallow  cuts 
(in  tests  with  the  Vermeer  saw,  tooth  breakage  was  most  severe  in  the  shallowest 
tut).  The  practical  lesson  is  that  a  drum  or  wheel  working  in  strong  material 
should  "sump-in"  under  reduced  power;  full  power  can  be  applied  when  the  wheel 
tias  been  sunk  to  adequate  depth. 

Actual  tooth  loadings  depend  on  the  resistance  of  the  material,  the 

radius  of  the  drum,  the  cutting  depth,  and  the  number  of  teeth.  Some  idea 

ot  relative  magnitudes  can  be  gained  from  Figure  6  .  To  get  some  idea  of 

absolute  values,  assume  that  a  disc  saw  of  3.5  ft  radius  has  100  teeth 

arranged  in  a  staggered  pattern  that  effectively  forms  a  single  ring  (m'  ■  1). 

If  the  saw  is  cutting  at  6  in.  depth,  R/d  *  7  and  so  the  maximum  tangential 

force  on  a  tooth,  f,.'  ,  is  21.5%  of  the  tangential  stall  force,  F..,  which 

Hnax  L 
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might  be  about  3500  lbf  for  a  saw  like  the  VermeeF.  Thus  f'  could  be 

cmax 

about  750  lbf. 

As  another  refinement  to  the  analysis,  it  would  be  desirable  to  consider 
the  high  frequency  force  fluctuations  that  occur  as  discrete  chips  are 
formed  in  brittle  material.  Barker  (1964)  looked  at  this  question  experi¬ 
mentally,  and  found  that  when  cutting  sandstone  at  constant  chipping  depth 
with  heavy  picks  the  ratio  of  peak  tangential  force  to  mean  tangential  force 
had  values  of  6.2  and  7.7  for  two  different  pick  designs.  Thus,  in  the 
numjfe  rlcal  example  given  above,  the  transient  peak  force  reached  during  chipping 
pulsations  might  be  about  7  times  higher  than  the  mean  maximum  value,  i.e.  the 
absolute  peak  force  could  be  5250  lbf. 

Other  forces  that  are  of  interest  are  the  radial  components  of  tooth 
forces,  and  the  horizontal  and  vertical  components  of  the  force  on  the  axle 
of  the  wheel  or  drum.  To  make  a  simple  investigation  of  these  forces, 
another  assumption  is  introduced.  This  new  assumption  is  that  the  ratio  of 
radial  and  tangential  components  of  tooth  force  remains  constant  throughout 
the  working  stroke,  i.e.  the  ratio  is  independent  of  chip  depth  for  the  range 
of  chip  depths  considered.  From  the  results  of  Barker  (1964),  this  assumption 
appears  to  be  justified  for  chip  depths  up  to  0.5  in.  when  V-face  picks  and 
chisel  picks  are  cutting  rock. 

On  each  angular  increment  of  the  cutting  perimeter  there  acts  a  force 
that  can  be  resolved  tangentially  and  radially  and  expressed  as: 

Tangential  pt  d©  ■  sin©  d© 

Pr  de  “ 


Radial 


1<2  sin©  d© 


(29) 


where  /sin  9max.  and  l^/K^  is  the  ratio  of  radial  to  tangential 

force.  The  incremental  forces  can  also  be  resolved  horizontally  and 
vertically  and  summed  to  give  the  horizontal  and  vertical  components  of  the 
force  on  the  axle  of  the  wheel  or  drum: 


as  it  means  that,  for  a  given  value  of  Kj,  there  is  a  value  of  d/R  at  which 
no  vertical  thrust  or  reaction  is  required.  It  might  be  mentioned  that  in 
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some  tests  with  the  UMM  Mark  III  Planer,  the  operator  reported  that  he  had 
reversed  thrust  on  the  vertical  travel  actuators  when  the  19.5  in.  diameter 
drum  '.-is  set  at  a  depth  of  9  in.  (i.e.  d/R  -  0.46). 

For  a  wheel  or  drum  that  is  climb  milling,  the  horizontal  force  is  a 
forward  driving  force  rather  than  a  resistance  when  d/R  is  less  than  about 
0.64.  At  greater  drum  depths  the  horizontal  force  is  a  resistance  to 
forward  motion.  In  climb  milling  the  vertical  force  is  always  positive, 
and  comparable  in  magnitude  to  the  horizontal  forces  that  are  experienced 
in  upmilling. 

According  to  the  assumptions  made  here,  the  time-averaged  values  of 
radial  tooth  forces  are  proportional  to  the  corresponding  tangential  forces, 
being  the  proportionality  constant.  Barker  (1964)  measured  peak  radial* 
forces  relative  to  time-averaged  radial  forces,  finding  ratios  of  4.7  and 
6.2  for  different  pick  designs. 

The  tooth  force  calculations  for  the  disc  saw  example  considered  in  the 
discussion  of  tangential  tooth  forces  can  now  be  completed.  If  the  maximum 
value  of  time-averaged  tangential  force  is  750  lbf,  the  corresponding  radial 
component  is  x  750  lbf,  where  might  have  values  between  0.7  and  1.0. 
Taking  5.5  as  the  ratio  of  peak  fluctuating  force  to  time-averaged  force 
for  the  radial  direction,  the  absolute  peak  values  for  radial  force  would 
be  x  5.5  x  750  lbf,  i.e.  Kj  x  4125  lbf.  The  time-averaged  resultant  force 
is  1060  lbf  for  Kj  *  1,  and  915  lbf  for  ■  0.7.  The  absolute  peak  resultant 

*  Due  to  a  difference  in  terminology,  these  were  called  normal  forces  in 
Barker's  paper. 
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force  is  6680  lbf  for  ■  1,  and  5990  lbf  for  »■  0.7,  assuming  that  peak 
values  of  radial  and  tangential  components  coincide.  These  are  very  substantial 
forces,  but  they  are  well  within  the  range  of  forces  that  heavy  picks  with¬ 
stood  during  Barker's  experiments. 

The  value  of  the  horizontal  force  H  is  important  in  determining  the 
traction  requirements  for  the  carrier  vehicle.  On  a  firm  surface,  where 
the  tracks  or  wheels  of  the  carrier  vehicle  do  not  sink  appreciably,  most 
of  the  external  tractive  resistance  is  imposed  by  the  cutter  unit.  According 
to  the  analysis  made  here,  the  maximum  horizontal  cutter  resistance  for  a 
machine  like  the  Vermeer  T-600  might  be  around  5000  lbi  (assuming  stall  at 
607,  of  installed  power).  This  machine  weighs  nearly  17,000  lbf,  and  on 
favorable  ground  (firm  but  penetrable  by  grousers)  it  might  have  a  maximum 
drawbar  coefficient  of  about  0.4,  i.e.  it  might  be  able  to  overcome  a 
horizontal  resistance  of  6800  lbf.  However,  on  icy,  muddy,  or  other  unfavor¬ 
able  surfaces  the  drawbar  coefficient  would  drop  considerably,  and  performance 
would  then  necessarily  be  limited  by  vehicle  traction.  This  kind  of  problem 
is  likely  to  be  more  acute  with  carriers  that  run  on  wheels  rather  than 
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Ill.  ENERGY  CONSIDERATIONS 


Power  Distribution 

A  rotary  cutter  such  as  a  disc  saw  or  a  milling  drum  consumes  energy 
in  overcoming  torque  resistance,  and  the  power  required  to  supply  this 
energy,  PR,  is 

PR  -  TU>  -  FtR«;  -  27fNR  Ft  “  UR  Ft  (32) 

where  T  is  the  torque  on  the  wheel  or  drum,  CO  is  angular  velocity,  R  is 

the  radius  of  drum  or  wheel,  N  is  the  number  of  revolutions  per  unit  time, 

F  is  the  resultant  tangential  force  on  the  perimeter  of  the  wheel  or  drum, 

and  UR  is  linear  tool  speed.  If  there  is  an  independent  drive  on  the  wheel 

or  drum,  PR  can  be  measured  or  estimated  from  the  power  of  the  drive. 

Energy  is  also  required  to  move  the  rotary  unit  forward  horizontally 

against  a  resistance.  The  power  required  to  furnish  this  energy,  P  ,  is 

H 

PH  -  H  U„  ■  L'i(  Ft  (9(d/R)  (33) 

where  H,  the  horizontal  resistance,  is  the  horizontal  component  of  force 
acting  on  the  axle  of  the  wheel  or  drum,  Ujj  is  the  horizontal  advance  speed 
of  the  machine.  In  the  previous  section  it  was  shown  that  H  ■  Ft  0(d/R), 
and  the  function  0(d/R)  was  derived  and  plotted. 

It  is  interesting  to  know  how  power  is  partitioned  between  the  rotary 
drive  and  the  horizontal  thrust: 

uH 

Pu/PD  -  —  0  (d/R)  (34) 

n  R 

R 
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Values  of  0(d/R)  are  given  in  Fig.  7  of  Section  II;  representative  values 

■f#»  aA  r*5«r, 

for  d/R  <  1  might  lie  in  the  range  1.15  to  1.35^  Tool  speed  UR  is  typically 
in  the  range  300  to  900  ft/min  for  drag  bits,  while  traverse  speed  UR  is 
typically  in  the  range  2  to  20  ft/min.  Thus  P„  is  likely  to  be  less  than 
9%  of  PR. 

There  are  other  resistance  forces  thct  have  to  be  overcome  by  the 
carrier  vehicle,  whether  the  rotary  unit  is  cutting  or  not.  The  first  is 
the  internal  rolling  resistance  of  the  vehicle,  i.e.  the  resistance  that 
would  be  measured  in  towing  the  vehicle  on  a  hard  surface.  For  a  tracked 
vehicle  in  ordinary  working  condition  (some  dirt  in  the  tracks),  a  resistance 
coefficient  of  0.1  is  probably  realistic,  while  for  a  wheeled  vel  icle  the 
c  orresponding  value  is  probably  about  0.02.  The  power  needed  to  meet  this 
resistance,  P^,  is 

PL  -  Cr  W  UH  (35) 


where  Cr  is  the  resistance  and  W  is  the  gross  weight  of  the  vehicle.  For  a 
17,000  lbf  weight  tracked  vehicle  traveling  at  20  ft/min,  1  horsepower  is 
needed  to  overcome  the  rolling  resistance,  and  thi  is  not  likely  to  be  much 
over  17,  of  the  installed  power. 

If  the  vehicle  carrying  the  rotary  unit  has  to  climb,  or  to  overcome 
sinkage  resistance  in  soft  ground,  then  additional  power  demands  are  made. 
The  power  required  for  slope  climbing  can  be  calculated  by  substituting 
into  Eq.  (35)  the  sine  of  the  slope  angle  for  Cr«  For  the  example  just 
worked,  the  same  result  would  be  given  by  having  the  machine  climb  a  6° 
slope . 
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The  effective  resistance  created  by  soft  ground  is  much  more  variable  and 
complicated  to  assess,  but  if  cutting  equipment  is  being  used  on  the  surface 
layers  it  seems  reasonable  to  assume  that  the  ground  will  be  firm. 


Efficiency 

The  specific  energy  of  a  rotary  cutting  unit,  Eg,  can  be  expressed  as 
the  energy  used  to  cut  unit  volume  of  material,  which  is  equivalent  to 
power  consumption  divided  by  volumetric  excavation  ft: 


V 


.  3 

When  consistent  units  are  adopted,  e.g.  in  ft-lbf/min  and  V  in  ft  /min, 

3  2 

the  resulting  value  of  Es  has  the  dimension  of  a  stress,  e.g.  ft-lbf/ft  ■  lbf/ft  . 

It  is  to  be  expected  that  Es  will  vary  with  the  properties  of  the  material 
that  is  being  cut,  and  some  method  for  taking  account  of  material  properties 
is  required.  In  the  fields  of  rock  drilling  and  tunnel  boring  it  has  been 
found  that  there  is  a  good  correlation  between  specific  energy  consumption 
for  a  given  cutting  process  and  the  uniaxial  compressive  strength  of  the 
material  being  cut,  and  so  there  has  arisen  a  practice  of  normalizing 
specific  energy  with  respect  to  compressive  strength.  A  rationale  for  this 
empirical  procedure  has  been  given  by  Mellor  (1972).  Thus  a  dimensionless 
performance  index  I  can  be  expressed  as 


I 

P 


E  /o' 
s  v  c 


(37) 


where  <T’C  is  the  uniaxial  strength  of  the  material  being  cut.  It  should  be 
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understood  that  1^  is  not  a  highly  qxact  number  that  can  be  used  for  close 
critical  comparisons  of  machines  and  processes,  but  rather  a  broad  index 
that  is  useful  in  making  performance  estimates  and  general  comparisons. 

Low  values  of  I  Indicate  high  efficiency  in  a  machine  or  a  cutting 
process.  In  rock  drilling  and  in  laboratory  rock  cutting  tests,  values  of 
1^  of  the  order  of  0.3  are  regarded  as  very  good.  Modern  tunnel  boring  machines 
sometimes  achieve  slightly  better  values  that  approach  0.1. 

Some  care  has  to  be  taken  in  calculating  and  interpreting  values  of  Ip. 

In  eq.  (36),  only  is  used  as  input  power,  whereas  should  also  be  used 
for  an  exact  calculation  or  in  cases  where  high  traverse  rates  prevail. 
Sometimes, values  of  Es  are  calculated  on  the  basis  of  total  machine  power 
rather  than  power  utilized  for  cutting,  and  this  Inflates  the  values  of  Es 
and  Ip.  Major  problems  can  arise  if  inappropriate  values  are  taken  for  <rc. 

Poor  testing  technique  and  Inadequate  sampling  procedures  often  result  in 
incorrect  values  forCTc.  Furthermore,  the  bulk  strength  of  some  materials 
is  an  unsuitable  strength  index;  e.g.  when  small  cutters  are  working  in  a 
coarse  conglomerate  they  tend  to  be  affected  more  by  the  strength  of  the 
cobbles  than  the  overall  strength  of  the  rock,  which  may  be  only  weakly 
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Figure  2.  Dimensionless  plot  of  chipping  depth  as  a 
function  of  drum  depth. 
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Figure  3.  Dimensionless  plot  of  maximum  excavation 
rate  as  a  function  of  drum  depth. 
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Figure  4.  Dimensionless  plot  giving  optimum  ratio  of 
traverse  speed  to  drum  speed  as  a  function  of  drum  depth. 
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Figure  7.  Dimensionless  plot  of  horizontal  and 
vertical  components  of  axle  force. 

A  -  Upmilling,  K 3  =  1.0,  H/Ft 
B  -  Upmilling,  K 3  =  1.0,  V/F £ 

C  -  Upmilling ,  F3  =  0.7 ,  H/Ft 
D  -  Upmilling,  K 3  =  0.7,  I'/Ft 
E  -  Climb  milling,  K 3  =  2.0,  W/Ffc 

F  -  Climb  milling,  K 3  =  2.0,  I7/Ft 

C  -  Climb  milling,  K 3  =  0.7,  H/F^ 

H  -  Climb  milling,  K3  =  0.7,  I'/Ft 

//  is  positive  when  thrust  applied  by  machine  is 
in  direction  of  travel.  V  is  positive  when  thrust 
applied  by  machine  is  downward. 
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APPENDIX  B  MODEL  TESTS  ON  KERF-AND-RIB  EXC  AVATION 


I  lu  ll-  arc  a  number  «>l  iiile-ot-thuinh  guides  covering  the  depth  and  spacing  of  adjacent 
tuts  \clifii  kcrl-and-iib  hieakagc  is  being  used  in  lock,  but  some  simple  model  tests  were 
made  ill  nidci  to  check  the  tequiied  geomelrv 

Ilte  models  vseie  made  hs  casting  blocks  ol  lio/en  sill  in  mould  hoses,  using  spacer 
stops  to  Ioiiii  slots  at  various  spaungs.  The  silt  seas  compacted  hs  vibration  while  still  drv  . 
distilled  ssatei  was  added  to  bung  it  to  saturation  water  content,  and  the  block  was  lio/en 
at  10  (  I  ach  ol  the  slots  was  .1  in.  deep  and  0  J7S  in  wide,  giving  a  I  / 10  scale  model  ol 
a  Ivpical  sawcut  Kibs  between  the  slots  had  widths  ol  1.0.  1 .5.  2.0  and  3.0  til  The  blocks 
were  brought  tempoiaril)  to  I  (  to  relax  am  possible  Irce/ing  strains,  and  were  then 
cooled  slowlv  back  to  IOC  lor  testing. 

I  aih  rib  was  broken  bv  applv  mg  an  impulsive  force  along  one  lop  edge  in  a  direction 
approximate!)  parallel  to  the  surface  plane.  A  strip  of  aluminum.  0  *  in.  X  }  in.  in  cross 
section,  was  set  in  contact  with  the  edge  ol  the  rib.  and  the  mid  point  ol  the  aluminum  bai 
was  then  siniik  bv  a  swinging  hammer. 

Hie  I  0-  and  I  Cm. -*:ilc  ribs  broke  consistent!)  at  the  base  Hie  ’.0-ui.-wide  ribs  some¬ 
times  I'toke  jt  the  has. ,  but  sometimes  broke  alone  planes  inclined  up  trom  the  base.  The 
T  in  wide  nbs  nev • .  bioke  cleanl)  at  the  base. 

1  hese  .r'.ue  tests  mdiialcd  that  a  w  idt h /depth  ratio  ol  0  5  w as  about  the  maximum 
value  lo  loiisislent  biejkage  along  the  base  ol  the  nb. 


